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The SMC5/6 complex is a member of the structural maintenance of chromosome 
(SMC) family, which includes cohesion and condensin. SMC5/6 has been implicated to 
have roles homologous recombination, restart of stalled replication forks, maintenance of 
ribosomal DNA (rDNA) and heterochromatin, telomerase-independent telomere 
elongation, and regulation of chromosome topology in the mitotic cell cycle. From 
research using yeast and worms, the SMC5/6 complex is required for proficient meiotic 
recombination and chromosome segregation. However, the details of how the complex 
accomplishes these meiotic functions are unknown. Furthermore, there is limited 
information on the genome maintenance role of SMC5/6 in mammals. This thesis focuses 
on determining how SMC5/6 complex regulates cell cycle progression and DNA repair in 
mammals. Using conditional mutant mice of Smc5, I explore the molecular function of 
SMC5/6 during germ cell progression in both sexes. I demonstrate that SMC5/6 is 
essential for the formation of bivalents that are capable of accurate segregation during 
meiosis I, and age-related meiotic aberrancies may be directly related to a gradual 
reduction in SMC5/6 protein levels. On the other hand, I show that SMC5/6 complex is 
not essential for pre-meiotic DNA replication and meiotic progression during mouse 
spermatogenesis. However, if DNA processing events are compromised, for example by 
exogenous sources of DNA damage, the SMC5/6 complex is required to ensure genome 
integrity. Taken together, this dissertation supports the sexual dimorphic roles of SMC5/6 
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BACKGROUND AND SIGNIFICANCE 
This chapter is an updated version of a review article that appeared in Chromosoma 
[Verver, D. E.*, Hwang, G. H.*, Jordan, P. W. and Hamer, G. (2016). “Resolving 
complex chromosome structures during meiosis: versatile deployment of Smc5/6”. 
Chromosoma. 125, 15-27]. The published review was written in collaboration with Dr. 
Dideke Emma Verver and Dr. Geert Hamer at the University of Amsterdam. The purpose 
of this chapter is to give an up to date overview of what is known about SMC5/6 functions 
in mitotic and meiotic cells.  
 
The Smc5/6 complex, along with cohesin and condensin, is a member of the 
Structural Maintenance of Chromosome (SMC) family; large ring-like protein complexes 
that are essential for chromatin structure and function. Thanks to numerous studies of the 
mitotic cell cycle, Smc5/6 has been implicated to have roles in homologous 
recombination, restart of stalled replication forks, maintenance of rDNA and 
heterochromatin, telomerase-independent telomere elongation and regulation of 
chromosome topology. 
The nature of these functions implies that the Smc5/6 complex also contributes to 
the profound chromatin changes, including meiotic recombination, that characterize 
meiosis. Only recently, studies in diverse model organisms have focused on the potential 
meiotic roles of the Smc5/6 complex.  Indeed, Smc5/6 appears to be essential for meiotic 
recombination. However, due to both the complexity of the process of meiosis and the 
versatility of the Smc5/6 complex, many additional meiotic functions have been 
described. 
In this chapter, includes a clear overview of the multiple functions found so far for 
the Smc5/6 complex in meiosis. Additionally, a comparison between meiotic functions 
2 
 
and known mitotic functions is given, in an attempt to find a common denominator and 
thereby create clarity in the field of Smc5/6 research. 
  
Smc5/6 complex structure 
 The Smc5/6 complex is a member of the Structural Maintenance of Chromosome 
(SMC) family, along with cohesin and condensin. The Smc5/6 complex is proposed to 
have the characteristic ring-like structure of the SMC family in which each SMC 
complex is comprised of two SMC proteins forming a heterodimer, and multiple non-
SMC elements (Reviewed in (Jeppsson et al., 2014b)). The Smc5/6 complex is comprised 
of Smc5, Smc6, and several non-SMC elements of which Nse1-4 are conserved from 
yeast (Hazbun et al., 2003, Duan et al., 2009, Zhao and Blobel, 2005a, Pebernard et al., 
2006)  (Fig. 1.1A, B) to mammals (Taylor et al., 2008, De Piccoli et al., 2009)  (Fig. 
1.1C). When referring to the Smc5/6 complex genes or proteins in general we will use 
yeast nomenclature. When referring to a specific organism, or data obtained using a 
specific organism, we will use the specific nomenclature of that organism, e.g. NSMCE1 
for the mammalian ortholog of Nse1. The SMC proteins have an extensive coiled-coil 
domain interrupted by a hinge domain that folds each SMC back on itself. The two 
globular C and N terminal ends are juxtaposed to form an ATP-binding and ATP-
hydrolysis site (Fig. 1.1D). To form a closed-ring structure the ATPase domains are 
bridged together by non-SMC elements, while the SMC proteins associate tightly through 
their hinge regions (Reviewed in (Jeppsson et al., 2014b)). 
 In vitro assays using purified fission yeast proteins have shown that Nse1 binds to 
Nse3, and both Nse1 and Nse3 bind to Nse4 (Palecek et al., 2006b, Pebernard et al., 
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2008a). Nse1 contains a RING-finger domain, common to ubiquitin E3 ligases, (Fujioka 
et al., 2002, McDonald et al., 2003, Potts, 2009), and Nse3 contains a MAGE 
(melanoma-associated antigen gene) domain (Pebernard et al., 2004). It has been shown 
that human NSMCE3 enhances the E3 ubiquitin ligase of NSMCE1 in vitro (Doyle et al., 
2010a).  Nse2 (also referred to as Mms21) is bound to Smc5, contains a SP-RING 
domain (McDonald et al., 2003, Pebernard et al., 2004) and functions as an E3 small 
ubiquitin-related modifier (SUMO) ligase (Zhao and Blobel, 2005a, Potts and Yu, 2007b, 
Andrews et al., 2005a). Nse4 is a α-kleisin subunit which bridges the ATPase head 
domains of Smc5 and Smc6 (Palecek et al., 2006b). Nse5 and Nse6 are also Smc5/6 
components in budding and fission yeast. In budding yeast, Nse5 and Nse6 associate with 
the hinge region (Fig. 1.1A) (Duan et al., 2009). In fission yeast, Nse5 and Nse6 
associate with the head domains (Fig. 1.1B), which may enhance the stability of the 
complex (Pebernard et al., 2006). Recently, SLF1 and SLF2, SMC5/6 recruitment 
factors, have been discovered in Xenopus and mammalian cells, and SLF2 is a distant 
ortholog of yeast NSE6 (Räschle et al., 2015). 
Smc5/6 in mitotic cells 
In somatic cells, the Smc5/6 complex is involved in several processes required to 
maintain genomic stability. Mechanistically, these processes involve regulation of 
specific factors required for homologous recombination (HR) pathways. All these 
processes, including DNA replication, HR mediated DNA double strand break (DSB)  
repair, correct chromosome topology and, eventually, proper metaphase conformation, 







Figure 1.1 Structure and composition of Smc5/6 complex. Conserved from yeast to 
humans, Smc5 and Smc6 fold and interact at their central hinge domains. Through the 
coiled-coil stretch, the N- and C-termini are brought in close proximity creating an 
ATPase domain. The ring-like structure is closed by several non-SMC elements (Nse1, 
Nse3, and Nse4). In addition, the SUMO ligase Nse2 is bound to the coiled-coil region 
of Smc5. Nse5 and Nse6 are located at the hinge domain in budding yeast (A), at the 
ATPase domain in fission yeast (B). While Slf2, a distant ortholog of yeast, bonafide 
homologs of Nse5 and Nse6 have not been found yet in mammals (C). (D) Smc5 and 
Smc6 each contain an extensive coiled-coil domain that folds back on itself at a central 






Smc5/6 and stalled replication forks 
Smc5/6 is required for maintaining replication fork stability and the restart of 
stalled replication. In budding yeast, the absence of Nse2 SUMO ligase activity results in 
Rad51-dependent X-shaped HR intermediates or aberrant joint molecules (JMs) 
accumulating at stalled replication forks (Bermudez-Lopez et al., 2010, Branzei et al., 
2006). The Smc5/6 complex functions with Sgs1, a homologue of the Bloom syndrome 
helicase (BLM), to inhibit the accumulation of these abnormal intermediates. It is 
possible that this function is conserved in humans, as hypomorphic mutations that lead to 
the loss of the NSMCE2 SP-RING domain result in delayed recovery from replication 
stress and a reduction in BLM foci (Payne et al., 2014a). These defects result in 
chromosome bridges and missegregation during the metaphase to anaphase transition. In 
budding yeast, Smc5/6 has been shown to interact and restrain the replication regression 
activity of Mph1 helicase, an ortholog of human FANCM, which is required for 
replication fork repair but can also lead to accumulation of JMs (Xue et al., 2014).  
In fission yeast, similar JMs accumulate at the collapsed replication forks in smc6 
mutants, correlating with chromosome missegregation (Ampatzidou et al., 2006). Smc5/6 
is required for the loading of Rpa and Rad52 onto stalled replication forks in order for the 
fork to maintain a recombination-competent conformation (Irmisch et al., 2009). 
Overexpression of Brc1, a BRCA C-terminal (BRCT) motif protein, rescues the 
replication-arresting defect of a Smc6 hypomorphic mutant (Lee et al., 2007, Sheedy et 
al., 2005, Verkade et al., 1999, Pebernard et al., 2006). Because this rescue is dependent 
on Brc1-mediated promotion of a post-replicative repair pathway and the function of 
structure-specific endonucleases Slx1/4 and Mus81/Eme1 that resolve the accumulated 
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JMs, Smc5/6 complex may be required to prevent the formation of replication stress-
induced JMs and/or assist in their resolution. 
Recently, SLF1 and SLF2, a distant ortholog of NSE6, was found to provide 
SMC5/6 a physical link to RAD18, an E3 ubiquitin ligase involved in post-replication 
DNA repair in vertebrate cells (Räschle et al., 2015). SLF2 is required to recruit SMC5/6 
to damaged DNA, specifically interstrand crosslinks (ICL), to promote efficient repair of 
these lesions, and depletion of SLF1 or SLF2 leads to mitotic errors and sensitivity to 
exogenous DNA damage (Räschle et al., 2015). 
 
Facilitating homologous recombination  
Numerous studies using mammalian, plant, budding yeast and fission yeast cells 
have indicated that Smc5/6 functions in the homologous recombination pathway 
(Lehmann et al., 1995, Ampatzidou et al., 2006, McDonald et al., 2003, Pebernard et al., 
2006, Cost and Cozzarelli, 2006, Mengiste et al., 1999, Torres-Rosell et al., 2005a, 
Torres-Rosell et al., 2005b, Watanabe et al., 2009, Stephan et al., 2011). 
In budding yeast and human cells, Smc5/6 and cohesin are recruited to DSBs to 
promote repair via sister chromatid recombination (De Piccoli et al., 2006, Lindroos et 
al., 2006, Potts et al., 2006, Strom et al., 2004, Unal et al., 2004, Wu and Yu, 2012). 
Although Smc5/6 and cohesin complexes are recruited to DSBs independently, Nse2-
mediated sumoylation of the α-kleisin subunit of cohesin, Scc1, is required to ensure 
proficient sister chromatid recombination (Wu and Yu, 2012, McAleenan et al., 2012). In 
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turn, sumoylation of Scc1 was shown to counteract the action of Wapl, a negative 
regulator of cohesin loading (Wu and Yu, 2012). 
ChIP experiments in mouse B-cells showed that SMC5 co-localizes with RPA, 
the single strand binding protein involved in DNA replication and repair, and BRCA1, a 
protein involved in DSB repair, at early replication fragile sites (Barlow et al., 2013). 
These findings suggest that the SMC5/6 complex binds to ssDNA substrates created 
during HR and/or DNA replication.  
 
Regulation of homologous recombination in repetitive sequences  
In budding yeast, the ribosomal genes are organized into a single array of 100–
200 identical repeats on chromosome XII that is compartmentalized into the chromatin 
region called nucleolus (Oakes et al., 2006). Due to the repetitive nature of the rDNA 
locus, HR-mediated DNA damage repair in this region can lead to illegitimate 
recombination events that result in JMs and unequal sister chromatid exchange (Eckert-
Boulet and Lisby, 2009). In order to prevent such deleterious recombination events, 
DSBs occurring within rDNA are thought to be moved outside the nucleolus by a 
Smc5/6-dependent mechanism in order to be repaired (Torres-Rosell et al., 2005a, 
Torres-Rosell et al., 2007). However, the visible presence of DSBs in the nucleolus of 
Smc5/6 mutants could also be due to less efficient repair of these breaks without 
functional Smc5/6. 
Similarly, in Drosophila, Smc5/6 is thought to be involved in the translocation of 
the damaged DNA within heterochromatin regions to adjacent euchromatic regions where 
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recombination can occur proficiently (Chiolo et al., 2011). Moreover, in heterochromatin, 
Smc5/6 suppresses HR until translocation of the DSB has occurred (Chiolo et al., 2011). 
 
Mitotic metaphase 
Smc6 location in mitotic metaphase cells has been studied multiple times, with 
varying outcomes. Some studies in mouse and human show that SMC6 is translocated 
away from the chromosomes during mitotic divisions (Verver et al., 2014a, Verver et al., 
2013a, Taylor et al., 2001, Gallego-Paez et al., 2014), while other studies in budding 
yeast and mouse report Smc6 to be located at the centromeres of mitotic cells (Lindroos 
et al., 2006, Gomez et al., 2013, Yong-Gonzales et al., 2012).  
The SMC5/6 complex is required for regulating topoisomerase IIα and condensin 
localization on replicated chromatids in human cells and mouse embryonic stem cells 
(mESCs) during mitosis, thereby ensuring correct chromosome morphology and 
segregation (Gallego-Paez et al., 2014, Pryzhkova and Jordan, 2016a). Topoisomerase II 
(TopoII) resolves DNA topological constraints by introducing transient DSBs that are 
needed to decatenate double stranded DNA to alleviate supercoiling (Nitiss, 2009). 
TopoII initiates the passage of an unbroken DNA strand through the DSB and then 
reseals the break (Nitiss, 2009). In addition, it has been shown that condensin aids in 
efficient TopoII chromosome condensation, sister chromatid decatenation and subsequent 
segregation in budding yeast (Leonard et al., 2015, Charbin et al., 2014). In budding 
yeast, Smc5/6 has recently been implicated in managing replication-induced topological 
stress (Carter and Sjogren, 2012, Jeppsson et al., 2014a) and induction of topological 
stress by TopoII inactivation correlates with increased frequency of Smc5/6 chromosomal 
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association sites (Jeppsson et al., 2014a, Kegel et al., 2011a). In fission yeast, TopoII and 
Smc5/6 are required for the timely removal of cohesins from the chromosome arms 
before metaphase (Tapia-Alveal et al., 2010). Retention of these cohesins would 
otherwise cause chromosome missegregation and subsequent mitotic catastrophe. This 
was further supported when overexpression of Separase, a protein that cleaves cohesin, 
was shown to rescue the lethality of TopoII and Smc5/6 mutants in fission yeast (Outwin 
et al., 2009).  It was also found that Smc5 depletion mESCS results in accumulation of 
cells in G2 and apoptosis—furthermore, the destabilization of SMC5/6 complex in 
mitotic mESCs results atypical localization of condensin on the chromosome arms and 
chromosome missegregation errors (Pryzhkova and Jordan, 2016a). Taken together, 
SMC5/6, condensin, and topoisomerase II seem to have interconnecting functions in 
mitotic cell cycle progression.  
Meiosis 
Meiosis is a specialized cell division during which one round of DNA replication 
is followed by two successive rounds of chromosome segregation. First, the homologous 
chromosomes, each consisting of one pair of sister chromatids held together by cohesin 
complexes, move to opposite poles (meiosis I). Second, the sister chromatids are 
segregated, resulting in the formation of four haploid cells (meiosis II). During prophase 
I, the homologous chromosomes align and, in most organisms, chromosome synapsis is 
achieved by formation of the synaptonemal complex (SC). Correct synapsis of the 
homologous chromosomes is required to facilitate meiotic recombination and the 
subsequent formation of meiotic crossovers. These meiotic crossovers, or chiasmata, 
introduce genetic variation among the resulting gametes. Additionally, together with 
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proper sister chromatid cohesion, they also ensure correct chromosome orientation and 
segregation during meiosis I (Reviewed in (Petronczki et al., 2003b)). 
The molecular pathways required for DSB repair during meiosis have been 
studied in most detail in budding yeast (De Muyt et al., 2012, Zakharyevich et al., 2012). 
However, evidence indicates that these pathways are conserved (Berchowitz et al., 2007, 
Higgins et al., 2008, Holloway et al., 2008). The following paragraphs briefly summarize 
meiotic recombination, using budding yeast as an example (Fig. 1.2). Meiotic 
recombination is initiated by Spo11-induced DSB formation, a 5-3’ exonuclease that 
produces a 3’ single-stranded DNA overhang at every break (Keeney et al., 1997). This 
3’ overhang is then coated by the Rad51/Dmc1 strand exchange proteins and invades the 
complementary sequence of the homologous chromosome (Fig. 1.2B). DNA synthesis 
then starts from the invading end and proceeds beyond the DSB. This single-end invasion 
(SEI) is the precursor of all recombination pathways during meiosis (De Muyt et al., 
2012, Zakharyevich et al., 2012). 
Following SEI, most recombination events are processed via synthesis-dependent 
single-strand annealing (SDSA) (Fig. 1.2B). During SDSA, the invading strand is 
thought to be displaced by the RecQ helicase BLM/Sgs1 (De Muyt et al., 2012, Jessop 
and Lichten, 2008, Jessop et al., 2006, Bennett et al., 1998, Oh et al., 2008). The 
displaced strand is then used as a synthesis template for the other damaged ssDNA end, 
and ligation results in the formation of a non-crossover.  
The DSB repair mechanism in budding yeast that ensures reciprocal crossover 
formation is known as the ZMM (Zip1-4, Mlh1/3, Msh4/5) pathway. The ZMM pathway 
requires both SC components (Zip1-4 and Spo16), and the conserved mismatch repair 
11 
 
heterodimers MutSγ (Msh4-5) and MutLγ (Mlh1-3) (Borner et al., 2004, Lynn et al., 
2007). At a ZMM designated recombination site the SEI is stabilized and the second end 
of the DSB is captured to form a double Holliday junction (dHJ). Interestingly, Sgs1 is 
required to stabilize the ZMM designated dHJs, which are resolved asymmetrically by 
Exo1-MutLγ to form COs, and eventually lead to chiasmata (Zakharyevich et al., 2012) 
(Fig. 1.2C).  
Timely organization of the different steps of meiotic DSB repair depends on tight 
regulation of the meiotic prophase I, which can be subdivided in four stages: leptonema, 
zygonema, pachynema and diplonema. During leptonema, the chromatin condenses and 
formation of axial elements between sister chromatids begin to form. Simultaneously, 
DSBs are induced by the endonuclease SPO11, triggering the meiotic DNA-damage 
response. During zygonema, homologous chromosomes begin to synapse, characterized 
by the formation of the SC, a proteinaceous structure which comprises axial proteins 
(now termed lateral elements) linked by central components. Single strand invasion 
occurs, followed by resection and DNA synthesis, resulting in recombination 
intermediates. Recombination events are neither randomly nor equally distributed 
throughout the genome, but are preferentially located at hotspots at which DSBs are more 
frequently formed (reviewed in (Keeney et al., 2014)). At pachynema, the homologous 
chromosomes are fully synapsed along their entire length. DSB repair via HR continues 
by the resolution of recombination intermediates into either a non-crossover or a 
crossover event. Only a minority of recombination intermediates are resolved as 
crossovers, but there are processes which ensure that at least one crossover is formed per 





Figure 1.2. DNA double strand break repair by homologous 
recombination. (A) When a DNA double strand break (DSB) occurs, the DNA around 
the 5′ end is resected, creating a 3′ single-stranded DNA (ssDNA) overhang. This 3′ 
ssDNA overhang invades a homologous sequence, creating a D-loop. DNA is 
synthesized at the invading end using the undamaged template DNA strand. After this, 
further repair can be executed by synthesis-dependent strand annealing (SDSA) or double 
strand break repair (DSBR). (B) SDSA: The second DSB end will be annealed up to the 
ssDNA on the other break end, followed by gap-filling DNA synthesis and ligation. This 
will lead to a non-crossover event. (C) DSBR: The second DSB end can be captured to 
form a double Holliday Junction (HJ). The resulting recombination intermediate must be 
resolved by nicking the HJs. Depending on the nick sites, either parallel (black arrows) or 






synaptonemal complex gradually dissociates and most recombination intermediates are 
completely resolved. Importantly, crossovers remain as chiasmata in order to keep 
homologous chromosomes locally tethered and, together with proper chromosome 
cohesion, ensure bi-orientation and accurate segregation during meiosis I (reviewed in 
(Petronczki et al., 2003b)). 
During the first meiotic division, homologous chromosomes, each containing two 
sister chromatids held together by cohesins, segregate to opposite poles. Bi-orientation of 
homologous chromosomes is crucial for their accurate segregation and misalignment may 
result in aneuploidy. The spindle assembly checkpoint (SAC) controls this bi-orientation 
by monitoring the tension that is generated when the homologous chromosomes are 
pulled to opposite directions and only allows subsequent chromosome segregation when 
all chromosomes are correctly orientated. The physical linkage that chiasmata provide 
achieves bi-orientation and inter-homolog tension. Failure to generate the chiasmata, e.g. 
due to absence of DSB induction, inadequate repair and lack of CO events, will lead to 
either a SAC induced metaphase I-arrest and apoptosis, or aberrant chromosome 
segregation and aneuploidy in the resulting gametes.  
 
Localization of Smc5/6 in meiosis 
Budding Yeast 
Using immunofluorescence microscopy, Smc6 was observed to localize to the 
nucleolus in budding yeast at the entry into meiosis (Farmer et al., 2011, Lilienthal et al., 
2013a). During meiotic progression, chromosome axes are formed and DSB repair is 
initiated. At this time, Smc5 and Smc6 localize as distinct foci along the chromosome 
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axes (Copsey et al., 2013a, Farmer et al., 2011, Lilienthal et al., 2013a, Xaver et al., 
2013). Smc6 also frequently co-localizes side-by-side with Rad51 recombinase, 
indicating a potential function in the strand invasion step in HR repair (Copsey et al., 
2013a, Xaver et al., 2013). The Smc6 localization along the axes becomes more abundant 
as synapsis occurs (Copsey et al., 2013a, Lilienthal et al., 2013a, Xaver et al., 2013). The 
formation of this punctate distribution does not depend on meiotic DSBs (Copsey et al., 
2013a, Farmer et al., 2011). Contrasting data has been reported for the effect of cohesin 
mutation on Smc5/6 axis loading. It was observed by Lillienthal et al. that Smc6 binding 
to chromosomes is dependent on meiosis-specific cohesin subunit Rec8. Therefore, the 
Smc5/6 complex may be influenced by meiotic axis structure and/or the presence of sister 
chromatid cohesion. In contrast however, the localization of Smc5 was not affected by 
the absence of Rec8 (Copsey et al., 2013a). Although surprising, it is possible that Smc5 
and Smc6 loading to chromosome axes is independent of one another, and Smc6 but not 
Smc5 requires cohesin. An alternative explanation is that differences in chromatin 
spreading techniques resulted in the contrasting observations. The localization of Smc5/6 
during late prophase is still inconclusive. After late prophase, some studies reported 
Smc5 and Smc6 localization become more diffuse and are absent prior to metaphase I 
(Copsey et al., 2013a, Lilienthal et al., 2013a), while another study reported that Smc6 
localized to the chromatin during both meiotic divisions, displaying dense clusters at the 
boundary between segregating chromatin masses (Xaver et al., 2013). These 
discrepancies may be due to sensitivity differences in chromatin spreading technique and 
epitope accessibility.  
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 To assess chromatin localization of Smc5/6 in greater detail, genome-wide ChIP-
on-chip localization studies were used (Copsey et al., 2013a, Xaver et al., 2013). These 
studies showed that Smc5 and Smc6 bind to many of the same chromosomal axis-
associated sites as Rec8, including centromeres. In addition, Smc5/6 is enriched at DSB 
hotspots. However, this localization occurs independently of DSB formation, which 
supports the immunofluorescence microscopy data (Copsey et al., 2013a, Xaver et al., 
2013). Finally, as observed in mitotic cells, Smc5/6 also binds to the rDNA, which 
remains unsynapsed during meiotic prophase I (Farmer et al., 2011, Lilienthal et al., 
2013a, Xaver et al., 2013).  
 
C. elegans 
 In C. elegans, SMC-6 localizes to the condensed chromatin of germ cells 
throughout meiosis (Bickel et al., 2010). SMC-6 becomes enriched on chromosomes 
during pachytene, which coincides with occurrence of DSB repair, complementing the 
localization pattern in budding yeast. SMC-6 remains on chromosome axes during 
diplotene and diakinesis in worms (Bickel et al., 2010). 
 
Mouse, Human 
The first indications of a possible role for SMC5/6 in mammalian meiotic 
progression were elevated levels of both SMC5 and SMC6 in the testis and localization in 
spermatocytes. (Taylor et al., 2001). It then took over 12 years before the role of SMC5/6 
in mammalian meiosis was investigated in more depth revealing involvement at several 
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crucial and diverse steps during rodent and human spermatogenesis (Gomez et al., 2013, 
Verver et al., 2014a, Verver et al., 2013a). First, in mouse spermatocytes, SMC5, SMC6 
and NSMCE1 were found to be located at pericentromeric heterochromatin (or so-called 
chromocenters): condensed repetitive sequences surrounding the centromeres (Gomez et 
al., 2013, Verver et al., 2013a). This localization already starts in differentiating 
spermatogonia, remains throughout all meiotic stages, including metaphase I and II, and 
disappears when the haploid spermatids start to elongate (Gomez et al., 2013, Verver et 
al., 2013a). Moreover, SMC5 and SMC6 were detected at the SC of synapsed 
homologous chromosomes from early zygonema until late diplonema in mouse 
spermatocytes (Gomez et al., 2013). This latter localization pattern was also reported for 
both SMC5 and SMC6 in human spermatocytes (Verver et al., 2014a). Finally, detection 
of SMC5, SMC6 and NSMCE1 at the XY-body during pachynema was observed in both 
mouse (Gomez et al., 2013, Taylor et al., 2001) and human spermatocytes (Verver et al., 
2014a). However, it must be noted that in mouse spermatocytes, SMC5, SMC6 and 
NSMCE1 localize to the chromatin of the XY-body (Gomez et al., 2013), whereas in 
human spermatocytes the localization of SMC6 was limited to distinct foci located at the 
axial elements of the unsynapsed X and Y chromosomes (Verver et al., 2014a). 
 
Functions of Smc5/6 in meiosis 
Meiotic recombination  
When meiotic recombination intermediates are not properly resolved to form 
either a non-crossover or crossover, aberrant joint molecules (JMs) can emerge. These 
JMs have the potential to block chromosome segregation if unresolved (Jessop and 
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Lichten, 2008, Copsey et al., 2013a, Xaver et al., 2013). Sgs1 limits the formation of 
these JM structures (De Muyt et al., 2012, Chen et al., 2010, Fabre et al., 2002, Sugawara 
et al., 2004, Jessop and Lichten, 2008). Several structure-selective nucleases, Mus81-
Mms4, Slx1-Slx4, and Yen1, are involved in the resolution in these JMs (De Muyt et al., 
2012, Zakharyevich et al., 2012, Matos et al., 2011). In budding yeast, the Smc5/6 
complex antagonizes the formation of JMs via two mechanisms: (i) prevention of JMs by 
destabilizing SEI intermediates (Xaver et al., 2013) and (ii) facilitating JM resolution 
(Lilienthal et al., 2013a, Copsey et al., 2013a, Xaver et al., 2013). Like previously 
reported for the helicase BLM/Sgs1, the SUMO E3 ligase function of Nse2/Mms21 
subunit is required to destabilize SEI intermediates (Xaver et al., 2013). This inhibition is 
needed to prevent the formation of inappropriate recombination intermediates. In the 
absence of Smc5/6, these inappropriate recombination intermediates develop into JMs 
that require the structure-selective resolvases Mus81-Mms4, Slx1-Slx4, and Yen1 to be 
processed (Zakharyevich et al., 2012). Of these resolvases, at least the ability of Mus81 to 
associate with, or be stabilized on, the meiotic chromosomes efficiently is dependent on 
Smc5/6 (Copsey et al., 2013a). Interestingly, while required to limit SEI stabilization, the 
SUMO E3 ligase function of Nse2/Mms21 is not required for Smc5/6 directed JM 
resolution (Xaver et al., 2013).  
In fission yeast, meiotic recombination generates single Holliday junction (HJ) 
intermediates (Cromie et al., 2006, Davis and Smith, 2003, Hyppa and Smith, 2010, 
Keeney et al., 1997), which are eventually resolved by the Mus81-Eme1 complex 
(Cromie et al., 2006, Boddy et al., 2001, Osman et al., 2003). Based on genetic 
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experiments, the Smc5/6 complex subunits Nse5-Nse6 have a regulatory role in Mus81-
Eme1 dependent HJ resolution (Wehrkamp-Richter et al., 2012b). 
In C. elegans the SMC-5/6 complex is not required for chiasmata formation. 
However, mutation of smc-5 or smc-6 did result in chromosome fragmentation during 
meiosis I and an increased number of RAD-51 foci in the nucleus (Bickel et al., 2010). 
Interestingly, mus-81, him-6 (a BLM ortholog) and mus-81, xpf-1 double mutants display 
a similar phenotype to the smc-5 or smc-6 mutants (O'Neil et al., 2013).  Because these 
genes are involved in two redundant HJ resolution pathways in C. elegans (Agostinho et 
al., 2013), the SMC-5/6 complex is likely to be involved in HJ resolution. Hence, the C. 
elegans SMC-5/6 complex may be playing similar JM antagonistic roles observed in 
budding yeast by hindering JM formation early and assisting JM resolution. However, C. 
elegans chromosomes are holocentric, and subsequent roles of SMC-5/6 in chromosome 
segregation may differ from other model organisms. 
 
Preventing HR in heterochromatin 
In budding yeast, Smc5/6 also binds to the rDNA, which remains unsynapsed 
during meiotic prophase I (Xaver et al., 2013, Farmer et al., 2011, Lilienthal et al., 
2013a). Smc5/6 has been shown to have an anti-recombinogenic role at this repetitive 
DNA locus during vegetative growth (Torres-Rosell et al., 2007). Additionally, budding 
yeast Smc6 is strongly enriched in the pericentromeric regions during the mitotic G2 
phase (Lindroos et al., 2006). Smc5/6 is essential for the timely separation of chromatids 
and the prevention of branched and entangled chromosome structures and subsequent 
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mitotic arrest (Lindroos et al., 2006). It is conceivable that Smc5/6 plays similar roles at 
the rDNA locus and pericentromeric regions during meiosis. 
In mouse spermatocytes, SMC5, SMC6 and NSMCE1 localize at pericentromeric 
heterochromatin (Gomez et al., 2013, Verver et al., 2013a). As with rDNA, these regions 
are at high risk of aberrant recombination events when HR is enabled, leading to genomic 
instability (Goodarzi and Jeggo, 2012). An additional challenge specific to meiotic cells, 
is the endogenous induction of DSBs that are repaired by HR. Pericentromeric 
heterochromatin consists of densely packed repetitive sequences, and is therefore 
vulnerable to aberrant events such as the formation of intra-chromosomal recombination 
structures. As a result, meiotic recombination is generally suppressed around the 
centromeres (Lynn et al., 2004), via a mechanism yet to be elucidated. The role of Smc6 
in preventing HR in these high-risk regions has already been established for yeast and 
Drosophila mitotic cells (Chiolo et al., 2011, Torres-Rosell et al., 2007). In line with 
these studies, pericentromeric heterochromatin of mouse prophase spermatocytes is 
simultaneously marked with SMC5, SMC6 and NSMCE1 (Gomez et al., 2013, Verver et 
al., 2013a) and deprived of recombination sites marked by RAD51 (Verver et al., 2013a). 
These findings suggest that also in mammalian germ cells, SMC5/6 might be responsible 
for preventing aberrant HR events in repetitive sequences. Interestingly, even though 
prevention of HR in heterochromatin might be a conserved function of SMC5/6, a similar 




Centromere cohesion  
During budding yeast meiosis, Smc5/6 regulates sister-chromatid cohesion at 
centromeres and is required for the timely removal of cohesin from chromosomal arms 
(Copsey et al., 2013a). 
SMC6 is proximal to the centromeres during both meiotic metaphases in mouse 
(Gomez et al., 2013, Verver et al., 2013a) and human (Verver et al., 2014a). As well as 
during prophase I stages, SMC6 co-localizes at the centromeres with Topo IIα during 
metaphase I and II (Gomez et al., 2013). More specifically, in metaphase I and anaphase 
I, SMC6 was present as two foci proximal to the sister kinetochores, and only one signal 
near the kinetochores at metaphase II and anaphase II (Gomez et al., 2013). Additionally, 
in metaphase II spermatocytes, in which the centromeres are subjected to tension from 
opposite poles, SMC6 appeared as a strand connecting the sister kinetochores (Gomez et 
al., 2013). The finding that SMC6 co-localizes with Topo IIα, together with the fact that 
the strand of SMC6 joining sister kinetochores persists even after redistribution of 
Aurora-B, suggests that the SMC5/6 complex may regulate sister-chromatid centromere 
cohesion and dissolution of DNA catenates that form after DNA replication (Gomez et 
al., 2013). This role for SMC5/6 was further appointed when Topo IIα was inhibited by 
Etoposide, inducing lagging chromosomes during the second meiotic division. Both 
SMC6 and Topo IIα co-localized at stretched strands connecting these lagging 
chromatids at the site of the kinetochores (Gomez et al., 2013). Complementary data was 
acquired using budding yeast, where localization of Smc5 depends on meiotic DNA 





SC assembly/stability, homologous chromosome synapsis 
Both in mouse and human spermatocytes, SMC5 and SMC6 were found to be 
located at the SC (Verver et al., 2014a, Gomez et al., 2013). Co-localization of mouse 
SMC6 with the SC central region proteins SYCP1 and TEX12 showed that SMC6 is 
restricted to synapsed chromosomes, leaving the un- or desynapsed axes including X and 
Y, unmarked (Gomez et al., 2013). Mammalian synapsis is characterized by the presence 
a central region that, besides SYCP1 (equivalent to Zip1 in budding yeast), also contains 
the central element proteins SYCE1-3 and TEX12 (Hamer et al., 2006, Hamer et al., 
2008, Bolcun-Filas et al., 2007, Bolcun-Filas et al., 2009, Schramm et al., 2011). 
However, although dependent on SYCP1, loading of SMC6 to the mouse SC occurs 
independent of  these central element proteins  (Gomez et al., 2013). Additionally, mouse 
SMC5/6 localization is not dependent on meiosis-specific cohesin subunits REC8 and 
SMC1β (Gomez et al., 2013). The longitudinal localization pattern along the mammalian 
synapsed SC axes could suggest that localization of SMC5/6 is dictated by chromosome 
structure, as has been suggested in mitotic cells (Jeppsson et al., 2014b), or that the 
complex either facilitates SC assembly, chromosome synapsis or recruitment of other SC-
associated proteins. 
 
The XY body and unsynapsed chromosomes in pachytene spermatocytes 
In males, due to a lack of homology, the X and Y chromosomes remain largely 
unsynapsed during the meiotic prophase I. During meiotic prophase, unsynapsed 
chromosomal regions are transcriptionally silenced by a process called meiotic silencing 
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of unsynapsed chromosomes (MSUC) (Ichijima et al., 2012). In the case of the X and Y 
chromosome, this silencing is called meiotic sex chromosome inactivation (MSCI), and is 
achieved by the formation of a so-called XY-body (or sex-body), marked by the presence 
of several DNA damage response proteins such as BRCA1, γ-H2AX and ATR (Ichijima 
et al., 2012). In male meiotic cells with extensive autosomal asynapsis, MSUC competes 
with MSCI for these proteins. The sex-chromosomes will then be inadequately silenced, 
which will result in a pachytene arrest (Burgoyne et al., 2009). In mouse spermatocytes, 
SMC5, SMC6 and NSMCE1 were found to cover the XY-body (Gomez et al., 2013). 
Because the XY-staining resembles that of γ-H2AX, it is proposed that the SMC5/6 
complex might be facilitating MSCI at this site. 
In human spermatocytes, SMC6 is present on the unsynapsed XY chromosomes 
in a more foci-like pattern (Verver et al., 2014a), suggesting a function in DSB-repair. 
Interestingly, it has been recently found that in the absence of synapsis, including the 
unsynapsed regions of the sex chromosomes, SPO11 will continue to make DSBs 
(Kauppi et al., 2013). In this light, the presence of SMC5/6 on the unsynapsed sex 
chromosomes might be required to repair these continuously induced DSBs. In addition 
to this observation, unsynapsed autosomes display both RAD51 and SMC6 foci (Verver 
et al., 2014a). Hence, it seems likely that human SMC5/6 plays a role in the repair of the 
continuously induced DSBs on unsynapsed meiotic chromosomes.  
 
Discussion/concluding remarks 
In recent years, assessment of Smc5/6 localization and analysis of Smc5/6 mutant 
phenotypes during meiosis has resulted in an abundance of data implying a number of 
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meiotic functions (Table 1.1). In all models, and in line with its described functions 
during mitosis, Smc5/6 is involved in HR mediated repair and chromosome segregation, 
as depicted in Fig. 1.3. However, despite this common denominator, the meiotic 
functions of Smc5/6 seem astonishingly diverse.  
Several studies in mammalian models have shown varying results when using 
antibodies against different epitopes of SMC6 simultaneously (Verver et al., 2014a, 
Gomez et al., 2013, Verver et al., 2013a). Since the technical variation within 
experiments was negligible, differences in localization pattern are most likely a reflection 
of varying conformations of the SMC6 protein or SMC5/6 complex as a whole, resulting 
in differing accessibility of these epitopes. Indeed, a study using budding yeast 
demonstrates that the Smc5/6 complex is physically remodeled in a ATP-dependent 
manner (Bermudez-Lopez et al., 2015). Even though future studies might unravel the role 
of conformation herein, another possibility is that Smc6 and/or Smc5 can act 
independently from the Smc5/6 complex, thereby showing differential localization 
patterns. When budding yeast proteins were purified separately, Smc5 and Smc6 were 
found to have some binding activity to ssDNA, independently of the presence of the other 
subunits (Roy and D'Amours, 2011, Roy et al., 2011). However, even though some 
studies support the complex-independent function of Smc5 and Smc6 (Laflamme et al., 
2014, Roy et al., 2011, Vignard et al., 2011), most studies show that hypomorphic alleles 
and RNAi knockdown of Smc5 and Smc6 yield complementary phenotypes (e.g. 
(Gallego-Paez et al., 2014, Torres-Rosell et al., 2005b)). Moreover, fractionation 
experiments indicate that the majority of Smc5/6 components are in complex, and only a 





















Figure 1.3. Proposed functions of Smc5/6 in meiosis. (A) In budding and fission yeast, 
Smc5/6 is required for the resolution of meiotically induced joint molecules and correct 
segregation of homologous chromosomes. Without functional Smc5/6 recombination 
intermediates cannot be efficiently resolved, leading to the accumulation of inter-
homolog, inter-sister, and multi-chromatid joint molecules and failure to segregate 
chromosomes properly. Black spot = centromere. (B) During mouse and human meiosis, 
SMC5/6 functions in a variety of processes. It is proposed to be involved in 
synaptonemal complex formation and/or stability, heterochromatin maintenance, and XY 
body silencing. Moreover, it may be required for repair of DSBs due to lack of synapsis 
and resolving meiotic recombination intermediates. Finally, SMC5/6 is involved in 
centromere cohesion during M-phase. Purple = SMC5/6 complex localization. Gray 
filaments = lateral elements of the synaptonemal complex. Gray spot = centromere. Note: 








The diversity of mitotic and meiotic functions of Smc5/6 illustrates the versatility 
of this protein complex. Yet, the regions where Smc5/6 has been found to act are not 
random and its roles on rDNA, telomeres, DSBs, replication sites and collapsed 
replication forks all support the strong preference of Smc5 and Smc6 to capture ssDNA 
(Roy and D'Amours, 2011, Roy et al., 2011). The consequences of Smc5/6 binding to 
DNA seem to vary between the specific processes it is required for. During meiosis, the 
Smc5/6 complex can either link homologous chromosomes or may recruit other proteins 
to its site of action. Either way, both the fission and budding yeast Smc5/6 complex has 
been found to be crucial to resolve meiotic recombination intermediates (Xaver et al., 
2013, Copsey et al., 2013a, Lilienthal et al., 2013a). Despite its seemingly diverse roles 
during different processes, resolving complex chromosome structures, which would 
otherwise cause cell cycle arrest or prevent chromosomes from being segregated, appears 
a major meiotic function of Smc5/6. However, how Smc5/6 is molecularly regulated 
during different meiotic processes, such as pre-meiotic S-phase, meiotic recombination 
and the meiotic M-phases, still needs further research. Creation and assessment of 
mammalian mutant models, together with the development of a comprehensive meiosis 
interactome for the SMC5/6 complex will further our comprehension of SMC5/6 
functions. More knowledge on the meiotic functions of Smc5/6 may give insight in one 
of the biggest questions in biology: how are germ cells capable to passage their genome 
through essentially endless generations while maintaining sufficient genomic integrity.   
Outline and Summary 
 The goal of this research is to investigate the functions of the SMC5/6 complex in 
germ cells during meiotic progression in mammals. As meiosis is a sexually dimorphic 
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process, my work is divided into two major sections: the roles of SMC5/6 in oogenesis 
and its roles in spermatogenesis. In Chapter II, I describe chromatin spread preparations 
for the analysis of mouse oocyte progression from prophase to metaphase II. These major 
techniques that I optimized in the lab allow for clear visualization of the dynamic 
localization patterns of chromatin-bound proteins and chromosome morphology of 
oocytes throughout mammalian oogenesis. In Chapter III, I present a published study that 
illuminates specific roles of SMC5/6 in mammalian oogenesis, using these major 
techniques. This study is the first to work towards elucidating the functions of SMC5/6 in 
mammalian oogenesis as many of the known functions of the complex have been 
discovered in the context of mitosis—specifically using yeast. Using conditional mutant 
mice of Smc5, I found that SMC5/6 may contribute to increased incidence of oocyte 
aneuploidy and infertility in aging females, a phenomenon observed in many mammals, 
including humans. In Chapter IV, I present a published study with additional unpublished 
data on the functions of SMC5/6 in spermatogenesis. Surprisingly, SMC5/6 is not 
required for male fertility and seems to be only required for exogenous DNA repair. This 
suggests that SMC5/6 has sexually dimorphic roles in mammalian germ cell progression 
and genome maintenance. In Chapter V, I discuss future directions for this research 
aiming to discover the interacting partners of the SMC5/6 complex. These experiments 
will further give insight in other functional roles of the complex in mammals. Finally, I 




CHROMATIN SPREAD PREPARATIONS FOR THE ANALYSIS OF MOUSE 
OOCYTE PROGRESSION FROM PROPHASE TO METAPHASE 
 
This chapter was published in Journal of Visualized Experiments [Hwang, G.H., 
Hopkins, J., Jordan, P.W.J. (2018)] accompanied by a video and is reproduced here with 
minor edits. The purpose of this chapter is to provide a detailed overview of the 
chromatin spread methods used to analyze mouse oogenesis. 
 
Introduction 
During spermatogenesis, large semi-synchronous waves of meiotic germ cells are rapidly 
and continuously replenished in the testis at the onset of puberty and throughout 
adulthood(Morelli and Cohen, 2005). In contrast to males, meiosis in females is initiated 
solely during fetal development.  Following birth, oocytes remain arrested in a prolonged 
dictyate stage of prophase I with an intact germinal vesicle (GV; nuclear envelope) until 
puberty.  At the onset of puberty, a subset of oocytes is cyclically selected to undergo 
growth and maturation, marking the initiation of meiotic resumption. Meiotic resumption 
in fully-grown oocytes is manifested by the disappearance of the GV in a process known 
as germinal vesicle breakdown (GVBD). The oocyte then undergoes chromosome 
condensation and segregation, followed by polar body extrusion. Oocytes become 
arrested upon progression to MII and are stimulated to complete the second and final 
meiotic division only after fertilization.  
Female fertility is highly dependent on the success of meiotic prophase I 
progression. Key to this is formation of a physical linkage between homologous 
chromosomes known as the chiasmata, which is mediated by repair of induced DNA 
double strand breaks (DSBs) via crossover recombination (Keeney, 2008). This process 
occurs within the context of a dynamic protein-rich scaffold known as the synaptonemal 
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complex (SC) that forms between homologous chromosomes to facilitate their 
synapsis(Zickler and Kleckner, 2015). The SC is a zipper-like tripartite structure that 
consists of two parallel lateral elements connected by central region proteins that holds 
homologs together throughout ongoing DNA repair. Prior to synapsis, precursors of the 
lateral elements, called axial elements, form between sister chromatids. Synaptonemal 
complex proteins such as SYCP2 and SYCP3 form axial elements that colocalize to the 
sister-chromatid cohesion axes during early prophase. These later serve as binding sites 
for the transverse filament protein, SYCP1, which facilitates central element assembly 
and synapsis between aligned homologs(de Vries et al., 2005). In mouse oocytes, 
complete synapsis is indicated by the presence of 20 completely overlapping SYCP3 and 
SYCP1 stretches, which can be visualized by using chromatin spread preparations. 
Synapsis is completed upon entry into the pachytene substage, whereby mature 
crossovers that are destined to form chiasmata between homologs are decorated with 
mutL homolog (MLH1/3) dimers to promote their accurate processing(Baker et al., 1996, 
Lipkin et al., 2002, Kolas et al., 2005). The structural maintenance of chromosomes 
(SMC) complexes, including cohesin, condensin, and the SMC5/6 complex, are 
important for the regulation of chromosome dynamics and structure throughout 
meiosis(Rankin, 2015a, Lee, 2013, Verver et al., 2016a, Hopkins et al., 2014b, Hwang et 
al., 2017). Collectively, these events ensure proper bi-orientation of homologous 
chromosomes to opposing spindle poles following disassembly of the SC.  
The meiotic cell cycle is a powerful model to examine the roles of various 
proteins in genome maintenance due to the programmed induction and subsequent repair 
of DNA DSBs. Furthermore, mammalian meiosis is also a relevant model for the study of 
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epigenetic modifications and imprinting(Kota and Feil, 2010). However, it is technically 
difficult to assess these events during female meiosis, which takes place in fetal and 
neonatal ovaries in mammals (Fig. 2.1). Prophase I can be divided into 5 substages: 
leptonema, zygonema, pachynema, diplonema and dictyate. Herein, we describe how to 
isolate and distinguish between fetal and neonatal ovaries and testes (Fig. 2.2).  Adapted 
from previously described methods, section 1 of this manuscript outlines a protocol with 
video demonstration for preparation of female meiotic prophase I chromatin 
spreads(Taketo, 2012, Sun and Cohen, 2013, Kim et al., 2013, Susiarjo et al., 2009b). 
When coupled with immunolabelling as described in sections 6-7, this protocol enables 
detailed microscopic analysis of prophase I events in oocytes. 
Oogenesis is error-prone, and chromosome missegregation events during the first 
meiotic division represent the most common source of genetic disease in 
progeny(Hassold and Hunt, 2001b, Hassold et al., 2007). In section 2 of this manuscript, 
we describe a protocol in which mature GV-staged oocytes are extracted from primed 
ovaries of adult female mice. Under supportive conditions, fully-grown oocytes undergo 
luteinizing hormone-independent resumption of meiosis following isolation and 
culture(Pincus and Enzmann, 1935a). Following meiotic resumption, oocytes progress 
through meiosis I, then arrest at metaphase II. Oocytes remain arrested at metaphase II, 
unless fertilized. In sections 2-5, we adapt previously reported protocols with video 
demonstration to describe how to collect, culture and prepare MI and MII oocytes for 
chromatin spread preparations(Chambon et al., 2013). This chromatin spreading 
technique allows for clear immunolabelling of proteins associated with chromosomes. 












Figure 2.1. Meiotic prophase timeline during female embryonic and neonatal 
development. Blue contours indicate populations of specific prophase sub-stage germ 
cells (leptotene, zygotene, pachytene, and diplotene/dictyate stages) observed during 
embryonic and neonatal development. Increasing dark blue color indicates the timing at 
which the specific prophase sub-stage becomes more abundant. This figure was adapted 
































Figure 2.2. Ovary extraction from embryos and neonatal female pups. (A, B) The 
first cut (1) is made above the forelimbs to decapitate the embryo at the head/neck 
junction immediately upon retrieval from the maternal uterine horn. The second cut (2) is 
made along the ventral midline of the posterior half of the embryo, followed by incisions 
along the anterior half below the forelimbs (3). A final cut is made for removal the hind 
limbs and tail (4). (A) Frontal view schematic of dissection cuts for isolation of ovaries 
from female pups. (B) Side view schematic of dissection cuts for isolation of ovaries with 
relative positions of internal organs. Regions shown in light red include the liver and 
intestines, which are removed during dissection. The dorsal wall and associated organs 
are shown in light blue. This region includes the ovaries, which are attached to the 
inferior poles of the kidneys at the top of the uterine horn. (C) Frontal schematic view of 
dorsal wall of embryo following removal of the liver and intestines. (D) Schematic 
representation of morphological differences between male and female gonads at 









chromosomes, and can further resolve single sister chromatids to facilitate assessment of 
oocyte ploidy.  Therefore, in addition to revealing localization patterns of meiotic 
proteins, this protocol can also serve as an invaluable tool for elucidating potential causes 
of chromosome missegregation during MI and MII. 
Protocol 
All methods described here have been approved by the Institutional Animal Care and Use 
Committee (IACUC) of Johns Hopkins University. Experiments were performed on wild-
type C57BL/6J mice. 
 
1. Harvesting fetal or neonatal ovaries and preparation of prophase chromatin spreads  
1.1. To extract embryos at 14.5-19.5 days post-coitum (dpc) sacrifice the pregnant 
females via cervical dislocation or CO2 asphyxiation according to IACUC 
guidelines. Note: For postnatal day 1-5 ovaries skip to step 1.3. Fig. 2.1 
summarizes the meiotic prophase stages enriched at different embryonic and post-
natal ages. 
1.2. Open the abdominopelvic cavity using sterile scissors, making a V-shaped opening. 
Dissect out the maternal uterine horn, separate the embryos from the placenta, and 
transfer embryos into 35 mm petri dishes containing 3 ml of pre-warmed 1x 
phosphate buffer saline (PBS) at 37°C. Note: A fliptop incubator set at 37°C can be 
used to maintain temperature. In addition, a temperature regulated glass stage can 
also be used to maintain temperature during ovary manipulation. 
1.3. With 3.5 inch surgical scissors, sacrifice embryos or pups via decapitation 
according to IACUC guidelines. Place decapitated embryos or pups in pre-warmed 
PBS prior to further dissection. 
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1.4. Dissect one embryo or pup at a time in a separate 35 mm petri dish containing 3 ml 
of pre-warmed PBS at 37°C. Proceed by cutting along the ventral midline of the 
posterior half of the embryo, along the anterior half below the forelimbs and 
directly above the hind-limbs and tail as outlined in Fig. 2.2A-B.  
1.5. Open the abdomen using 3.5 inch surgical scissors. Using fine-tipped forceps 
displace or remove the liver and loops of bowel, exposing the ovaries in a new 35 
mm petri dish containing 3 ml of pre-warmed PBS at 37°C (see guide in Fig. 2.2B). 
The ovaries are located immediately below and behind the kidney towards the 
posterior wall of the peritoneal cavity (Fig. 2.2B-C). A guide for differentiating 
between male and female gonads is provided in Fig. 2.2D. Note: For optimal 
conditions, rapidly dissect out the ovaries after pregnant female is sacrificed. 
1.6. Remove both ovaries from each female fetus using a pair of fine-tipped forceps 
under a dissection scope and place in a watch glasses or separate wells of a multi-
well plate containing 0.5 to 1.0 ml of pre-warmed PBS and maintain at 37°C.  
1.7. Place each pair of ovaries in 0.5 ml hypo-extraction buffer (17 mM trisodium citrate 
dihydrate, 50 mM sucrose, 5 mM EDTA, 0.5 mM DTT, 30 mM Tris-HCl, protease 
inhibitor, pH 8.2) in a clean watch glass or a small well of a 9-well plate, making 
sure to immerse the ovaries completely. Incubate for at least 15 min, but no more 
than 30 min. Note: Make hypo-extraction buffer fresh and use within 2 h of DTT 
addition. 
1.8. During incubation, using a hydrophobic barrier PAP pen, draw two 22x22 mm 
squares on a clean glass 25x75 mm, 1 mm thick microscope slide as shown in Fig. 






Figure 2.3. Representative prophase chromatin spread preparations. (A) Glass slide 
schematic for prophase chromatin spread preparations. Black square outlines represent 
liquid blocker pen outlines. (B, C) Representative images and quantification of crossover 
formation in wild-type pachytene stage oocytes using prophase chromatin spread 
preparation methods described in step 1. (B) Chromatin spreads were performed using 
ovaries from C57BL/6J mouse embryos isolated at 18.5 dpc. Chromatin spreads were 
immunolabeled with antibodies against the SC lateral element protein SYCP3 (red), and 
the SC central element protein SYCP1 (magenta), MLH1 (green, crossover event 
marker), and DAPI (blue, DNA). Scale bar: 10 µm. (C) Dot plot of MLH1 foci counts 
obtained from 15 pachytene stage chromatin spread preparations. Error bars represent 
standard deviation. (D, E) Comparison of optimal (D) and sub-optimal (E) prophase 
spread preparations, respectively. Chromatin spreads were immunolabeled with 




1.9. Pipette 45–50 L of 100 mM sucrose onto a clean slide and transfer one pair of 
ovaries to the drop.  
1.10. Using the sharp ends of two 27-gauge needles, tease the ovaries apart to release 
cells into the sucrose solution. With forceps, remove large pieces of ovary and 
carefully pipette sucrose solution to disperse cells. 
1.11. Place 40 L of fixative solution (1% paraformaldehyde (PFA), 0.2% Triton X-100, 
pH 9.2) into each square of the prepared slide. With a 200 μl pipette tip, spread the 
fixative solution evenly over the slide surface. 
1.12. Pipette 20 L of the sucrose mix onto the each square of the slide containing the 
fixative. Note: This equates to using one pair of ovaries per slide. 
1.13. Incubate the slides in a closed humid chamber overnight at room temperature. Note: 
The overnight incubation can range around (12-15 hrs) at room temperature.  
1.14. Open the chamber lid and allow the slides to air-dry completely. 
1.15. Wash slides in a Coplin jar containing 50 ml of 0.4% Photo-Flo PBS solution for 2 
min, air dry, and proceed to immunolabelling protocol (Step 6). Note: It may be 
possible to store the slides at –80°C for later use, but this varies depending on the 
protein of interest. For optimal results proceed immediately to the immunolabelling 
protocol (Step 6). 
 
2. Metaphase I oocyte collection 
2.1. To maximize the number of antral follicles isolated from each mouse, 
intraperitoneally inject sexually mature virgin female mice with 5 IU of pregnant 
mare’s serum gonadotropin (PMSG, also known as equine chorionic gonadotropin 
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(eCG)). Note: For optimal oocyte yield, mice should be 1 to 3 months of age as the 
number of oocytes harvested will decrease with age. To prepare PMSG, dissolve 
bottle of 5000 IU in 100 mL of sterile PBS (5 U/0.1 mL) Store in single-use aliquots 
of 600 μL at -20°C. 
2.2. After 44-48 h, prepare collection medium, minimum essential medium alpha 
(MEMα) medium supplemented with 5% fetal bovine serum (FBS) and 3 mg/mL 
bovine serum albumin (BSA; MEMα/BSA/FBS). Sterilize media through a 0.2 µm 
pore filter. Decant 2.5 mL of MEMα/BSA/FBS medium into one glass dish per 
mouse and warm to 37°C in a 5% CO2 incubator. Note: Other collection and culture 
media that are commercially available (M2 and M16) are also commonly used. 
Caution: We recommend removing culture dishes from the 5% CO2 incubator one at 
a time for limited duration to minimize ambient air exposure during manipulation 
steps.  
2.3. Sacrifice the mice via cervical dislocation or CO2 asphyxiation according to IACUC 
guidelines.  
2.4. Open the abdominopelvic cavity using sterile scissors, making a large V-shaped 
opening. Using forceps, displace intestines towards the head of the mouse. Locate 
each uterine horn, the ovaries are present proximal to the rib cage. Hold the oviduct 
with fine forceps and cut the fat superior to the ovary using dissection scissors (Fig 
2.4). Continue to hold the oviduct, and with another set of fine forceps release the 
ovary from the bursa and place into collection dish containing MEMα/BSA/FBS 
medium. Note: It is imperative to keep the ovaries at 37°C, and maintain at 5% CO2. 
A fliptop incubator hooked up to 5% CO2 mix can be used to allow for optimal 
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maintenance of temperature and CO2 levels. In addition, a temperature regulated 
glass stage should also be used to maintain temperature during oocyte manipulation. 
2.5. Using a 1 ml syringe with a 27-gauge needle (or similar size), release cumulus 
oocyte complexes by manually puncturing the large antral follicles.  
2.6. While observing through a dissection microscope, collect GV-staged oocytes using a 
mouth-operated glass pipette or capillary, or a hand-operated micrometer-syringe 
(Fig. 2.5). Only collect oocytes that are released from antral follicles. GV oocytes 
have a diameter of approximately 90 µm. GV oocytes may be surrounded by 2-3 
layers of granulosa cells, and have a total diameter of around 200 µm. 
2.7. Culture oocytes in a clean watch glass or a 9-well plate containing MEMα/BSA/FBS 
medium for 6 h to reach metaphase I at 37°C in a 5% CO2 incubator.  
2.8. Proceed to step 4. 
 
3. Metaphase II (MII) oocyte collection 
3.1. To maximize oocytes isolated from each mouse, intraperitoneally inject sexually 
mature virgin female mice with 5 IU of PMSG. After 44-48 h, intraperitoneally inject 
with 5 IU of human chorionic gonadotropin (hCG). Note: For optimal oocyte yield, 
mice should be 1 to 3 months of age as the number of oocytes harvested will 
decrease with age. To prepare hCG dissolve bottle of 10,000 U in 200 ml PBS (5 
U/0.1 mL). Store in single-use aliquots of 600 L at -20°C.  
3.2. After 12-14 hrs, prepare MEMα/BSA/FBS collection medium, as described in step 
2.2, above. 






Figure 2.4: Schematic diagram of adult ovary. This diagram depicts the anatomy of 
the adult mouse ovary, oviduct, ampulla and uterus. Mouse ovaries should be removed by 
careful incision of ligaments connecting the ovaries to the inferior poles of the kidneys, 





Figure 2.5. Images of mouth-operated glass pipette, glass capillary and hand-
operated micrometer-syringe used for oocyte manipulation. (A) The glass pipette 
oocyte manipulator is composed of the following components in sequence: mouth piece, 
latex tubing (3.2 mm inner diameter (ID) x 6.4 mm outer diameter (OD)), 1 ml pipette 
tip, latex tubing (6.4 mm ID x 11.1 mm OD) and glass Pasteur pipette. The end of the 
glass Pasteur pipette has been heated over a flame and the end pulled to create a fine-
tipped end (see zoom Fig. 5A1). (B) The glass capillary oocyte manipulator is composed 
of the following components in sequence: mouth piece, 0.45 μm filter (optional), latex 
tubing (3.2 mm ID x 6.4 mm OD), 1 ml pipette tip, latex tubing (6.4 mm ID x 11.1 mm 
OD) and 70 μl glass capillary. The glass capillary tubes are heated over a flame at the 
center and pulled in opposite directions to create two capillaries with fine tipped ends 
(see zoom Fig. 5B1). (C) The hand-operated micrometer-syringe is composed of the 
following components in sequence: Mitutoyo 150-208 micrometer head (middle size, 0-
1" range, 0.001” graduation), 5 ml syringe, latex tubing (3.2 mm ID x 6.4 mm OD), 1 ml 
pipette tip, latex tubing (6.4 mm ID x 11.1 mm OD), 1 ml pipette tip and a 83 x 0.5 mm 
gel loading tip. The Mitutoyo 150-208 micrometer head is firmly inserted into the 5 ml 
syringe (Fig. 5C1). To ensure the gel loading tip is fastened securely, the connecting 1 ml 





3.4. Open the abdominopelvic cavity using sterile scissors, making a large V-shaped 
opening. Using forceps, displace intestines towards the head of the mouse. Locate 
each uterine horn, the ovaries are present proximal to the rib cage. Hold the oviduct 
with fine forceps and cut the fat superior to the ovary using dissection scissors (Fig. 
4). Then remove the ovary and oviduct and place into collection dish containing 
MEMα/BSA/FBS medium. Note: It is imperative to keep the ovaries at 37°C, and 
maintain at 5% CO2. A fliptop incubator hooked up to 5% CO2 mix can be used to 
allow for optimal maintenance of temperature and CO2 levels. In addition, a 
temperature regulated glass stage should also be used to maintain temperature during 
oocyte manipulation. 
3.5. Using a 1 ml syringe with a 27-gauge (or similar size) or sharp forceps, tear a hole in 
the ampulla of the oviduct to release the MII oocytes. Note: Be careful not to damage 
the oocytes in the ampulla. The ampulla will appear swollen and translucent such 
that the oocytes are visible (Fig. 2.4). 
3.6. Harvest MII oocytes from the ampulla of the oviduct into a new dish with collection 
medium using a mouth-operated glass pipette or capillary, or a hand-operated 
micrometer-syringe (Fig. 2.5).  
3.7. Proceed to Step 4. 
 
4. Oocyte denuding and zona pellucida removal  
4.1. Prepare 300 IU/mL of hyaluronidase in MEMα medium supplemented with 3 mg/ml 
BSA to denude oocytes of surrounding cumulus cells (2.5 mL/mouse) in a watch 
glass and keep at 37°C, 5% CO2. Note: Hyaluronidase efficacy sharply decreases 
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after 1 h of preparation. For MII oocytes, hyaluronidase treatment is not required. 
4.2. Expose oocyte-cumulus cell complexes to 300 IU/mL of hyaluronidase in 
MEMα/BSA for 3 min to denude oocytes of surrounding cumulus cells. Caution: Do 
not exceed 3 min exposure to hyaluronidase, as it will damage the oocytes. 
4.3. To wash the oocytes, transfer oocytes to a fresh warmed MEMα/BSA medium dish. 
Using a small mouth-operated glass pipette or capillary (slightly larger than the 
diameter of the oocyte, which is approximately 90 μm), pipette the complexes up and 
down to completely detach the cumulus cells. Allow the oocytes to recover in the 
incubator while preparing for the next step. 
4.4. Warm acidic Tyrode’s solution, MEMα/BSA, and Waymouth’s media to 37°C (500 
μL/mouse). Into small 9-well glass plates, load 300 μL of each media and solution in 
separate wells.. 
4.5. To remove the zona pellucida (ZP) transfer 5-10 oocytes into Tyrode’s solution. 
Expose the oocytes for only 30-45 s to the solution. Note: Too little exposure to the 
solution will not remove the ZP completely, which will prevent the oocytes from 
bursting and chromosomes from spreading. Too much exposure will damage and kill 
the oocyte. Watching the ZP dissolve under the dissection microscope can aid in 
optimizing exposure time. Caution: Using fresh Tyrode’s solution is critical, as its 
function declines with age. Use a fresh well of Tyrode’s solution for each group of 
oocytes treated to ensure uniform digestion of the ZP. 
4.6. Immediately after ZP removal, wash the oocytes by transferring into warmed 
MEMα/BSA/FBS medium. Repeat this wash step. Note: Be careful when 
transferring as oocytes will easily stick together and to the glass pipette or capillary 
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following removal of the ZP. Pre-wetting the glass pipette or capillary in 
Waymouth’s medium will minimize oocytes sticking together. 
4.7. Transfer and allow the oocytes to recover for 30 minutes in Waymouth’s medium at 
37°C in a 5% CO2 incubator.  
4.8. Proceed to step 5. 
 
5. MI and MII oocyte chromatin spreads 
5.1. Using a PAP pen, draw a 11x44 mm rectangle on the glass slide as shown in Fig. 
2.6A.  
5.2. Coat the slide with a thin layer of fixative (1% paraformaldehyde, 0.2% Triton-X 100 
in H2O, pH 9.2) by pipetting 100 L of fixative onto the slide and rocking the slide 
back and forth. Tap the slide to get rid of excess fixative. 
5.3. Pick up between 5-10 oocytes with a mouth operated glass pipette or capillary with 
as little media as possible and drag the glass pipette or capillary in a line across the 
fixative-coated slide while depositing the oocytes from 1 cm above the slide into the 
fixative solution. Perform this step using a dissection microscope to ensure that the 
oocytes have been deposited and that they have burst. Note: The oocytes should 
burst immediately on the slide. The height at which the oocytes are deposited impact 
the degree of chromatin spreading. See representative results in Fig. 2.6 for further 
details. 
5.4. Incubate slides at room temperature in a closed humidified chamber overnight to 

















Figure 2.6. Representative metaphase I and II oocyte chromatin spread 
preparations. (A) Slide schematic for metaphase I and II oocyte chromatin spread 
preparations. Oocytes (circles) released via mouth-operated glass pipette or capillary in a 
straight line (following the arrow).  Black rectangle outline represents liquid blocker pen 
outline. (B, C) Optimal metaphase I chromatin spread preparation. Metaphase I 
chromosomes were stained with DAPI (blue, DNA), and immunolabeled for CEN (green, 
kinetochore/centromere marker). Scale bars: 10 µm. (B) Antibodies against Histone H4 
(di methyl K20, tri methyl K20) were used to label pericentromeric heterochromatin 
(PCH). (C) Antibodies against Topoisomerase IIα (TOPOII) were used to label the PCH 
and chromosome axes. (D) Optimal metaphase II chromatin spread preparation. 
Metaphase II chromosomes were stained with DAPI (blue, DNA), and immunolabeled 
for CEN (green), and Histone H4 (di-methyl K20, tri-methyl K20) to label the PCH. 
Scale bar: 10µm. (E, F) Poor metaphase I chromatin spread preparations. Chromosomes 
were stained with DAPI (blue, DNA), and immunolabeled for CEN (green) and the 
meiotic cohesin component, REC8.  Scale bars: 10 µm (E) An oocyte that did not burst 












5.5. Allow the slides to air-dry completely and rinse slides in a Coplin jar containing 50 
ml of 0.4% Photoflo-H2O, pH 8.0. 
5.6. Proceed to step 6.  
 
6. Immunolabelling  
6.1. Prepare the antibody dilution buffer (ADB) (1x  PBS, 3% BSA, 10% Horse Serum, 
10% detergent in PBS). Note: Store ADB at 4 °C or freeze stocks at -20 °C if making 
larger quantities. ADB can become contaminated, so make sure good aseptic 
techniques are used and assess the solution for contamination prior to each use. 
Smaller aliquots of ADB can also be prepared to minimize contamination. 
6.2. Prepare two Coplin jars containing 50 mL of wash buffer (WB) solution (10% 
ADB diluted in PBS), and one Coplin jar containing 50 mL WB + 0.05% Triton X-
100 solution (e.g. add 250 L of 10% Triton X-100 to 50 mL WB). 
6.3. Wash the slides that were prepared in section 1 and 5 of this protocol for 10 min in 
one Coplin jar containing 50 mL of WB. Caution: Do not let the slides dry at any 
point during immunolabelling.  
6.4. Wash the slides for 10 min in the Coplin jar containing 50 mL WB + 0.05% Triton 
X-100 solution.  
6.5. Wash the slides in the remaining Coplin jar containing 50 mL of WB solution for 
10 min. 
6.6. Tap off excess liquid and cover slide with 100 L of selected primary antibodies 
diluted in ADB. Incubate at 4°C overnight in a closed humid chamber. Note: 
Incubation can be shortened to 2 to 3 hrs at 37°C. Use smaller volumes of antibody 
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(e.g. 50 µL) by covering the slide with a coverslip or parafilm. 
6.7. Rinse slides in a Coplin jar containing 50 ml of 0.2% Photoflo-PBS solution, pH 
8.0. 
6.8. Repeat steps 6.2 to 6.5.  
6.9. Tap off excess liquid and cover slide with 100 L of selected secondary antibodies 
diluted in ADB. Incubate slides 1 to 2 hrs at 37°C in a closed humid chamber. 
6.10. Wash slides 2 times for 10 minutes in Coplin jars containing 50 ml of 0.2% 
Photoflo-PBS solution, pH 8.0. 
6.11. Wash slides 2 times for 5 minutes in Coplin jars containing 50 ml of 0.2% 
Photofo-H2O solution, pH 8.0. 
 
7. Mounting slides 
7.1. For prophase chromatin spreads prepared in step 2, add 100 L of mounting medium 
containing 4’, 6-diamidino-2-phenylindole (DAPI, 1.5µg/ml). For MI and MII 
chromatin spreads prepared in step 5, add 50 L of mounting medium containing 
DAPI (1.5µg/ml). Gently blot away excess liquid. 
7.2. Place a 22 mm x 60 mm coverslip on top and seal with clear nail polish. Store in a 
slide box at 4°C or -20°C until assessment via fluorescence microscopy. Note: Tap 








We have described two techniques for visualizing and assessing meiotic 
chromosomes in oocytes. The first technique is catered toward assessing prophase 
progression in embryonic and neonatal ovaries. Prophase chromatin spread preparations 
are incredibly valuable for visualizing numerous dynamic processes during meiosis, 
including chromosome pairing, synapsis and desynapsis, homologous recombination, and 
epigenetic chromosome remodeling. Here, we have demonstrated the utility of this 
method for robust visualization and quantitative analysis of crossover formation in 
oocytes harvested from C57BL/6J embryos (Fig. 2.3B and C). To enrich for cells in the 
pachytene substage, mouse embryos were retrieved at 18.5 dpc (Fig. 2.1). Two major 
hallmarks of the pachytene substage of prophase I are the completion of synapsis 
between homologs, and the formation of at least one MLH1/3-positive crossover per 
homolog pair. Complete synapsis between homologs is manifested by the presence of 20 
overlapping SYCP3 and SYCP1 stretches. To characterize crossover formation in wild-
type oocytes we immunolabeled prophase chromatin spread preparations using antibodies 
that detect SYCP3, SYCP1 and MLH1, and stained DNA using DAPI. Fig. 3B depicts a 
representative image of a pachytene stage oocyte, which is evidenced by the presence of 
27 MLH1 foci distributed along 20 fully assembled SC structures. The average number of 
MLH1-positive crossovers detected in wild-type oocytes was 24±3 (Fig. 2.3C, N=15 
oocytes). Fig. 2.3D shows SMC6 enriched at the pericentromeric heterochromatin (PCH) 
region and along the chromosome arms, and MLH1 foci distributed along the SC at the 
pachytene stage. Fig. 2.3E depicts a pachytene staged oocyte where the chromosome 
spread preparation was sub-optimal and individual chromosomes are indistinguishable, 
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preventing accurate assessment of SYCP3, SMC6 and MLH1. Sub-optimal chromosome 
spreads can be observed when incubation of ovaries in hypo-extraction buffer is for too 
long or not for long enough. 
The second technique described can be used to assess chromatin morphology in 
oocytes following meiotic resumption (Fig. 2.6B-D). Protein localization, as well as 
ploidy can easily be assessed, exposing potential causes of chromosome segregation 
errors. Fig. 2.6B depicts a MI oocyte showing 20 chromosomes and clear centromere and 
pericentromeric heterochromatin staining. Fig. 2.6C is a zoomed image where 
topoisomerase II (TOPOII) can be seen along the chromosome arms and the PCH. Fig. 
2.6D depicts a MII oocyte where paired sister chromatids can be distinguished by 
chromosome and centromere morphology. Common errors seen when attempting this 
technique include oocytes not bursting when released onto the PFA-coated slide, as well 
as chromosomes spreading too far apart (Fig. 2.6E and F). If the ZP is not removed 
completely, the chromosomes will remain associated to the spindle as shown in Fig. 
2.6E. If the oocytes were dropped too high from the PFA-coated slide, the chromosomes 




Chromatin spread preparations allow researchers to chronologically study female 
mammalian meiosis and the dynamic localization of proteins involved. The embryonic 
and neonatal chromatin spreads allow for close analysis of events throughout meiotic 
prophase. Metaphase I and metaphase II chromatin spreads can be used to distinguish 
single sister chromatids from paired sisters and paired homologous chromosomes, as well 
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as assess ploidy. By comparison, the protocol described here can be advantageous 
compared to whole oocyte immunolabelling, which frequently produces high levels of 
background signal that decreases the resolution of chromatin-bound proteins. 
Furthermore, chromatin spread techniques represent an attractive alternative to live-cell 
imaging, which requires a large investment of time and specialized equipment. 
Embryonic and neonatal ovaries can be difficult to locate and extract. We 
recommend carefully extracting all other organs and material besides the kidneys in a 
separate dish containing PBS before searching for the ovaries, and using a fresh dish of 
PBS for each embryo/pup (Fig. 2.2B). If the embryo/pup is male, the testis will be 
distinguishable by the tubule formation as well as the location of the gonads (Fig. 2.2D). 
As male embryos develop, the testes will descend towards the penis, becoming larger and 
oval-shaped.  
The oocyte chromatin spread technique requires mastery of oocyte collection and 
manipulation using mouth-operated glass pipette or capillary. We recommend practicing 
controlling the mouth pipette before performing this protocol. Pulling the proper size 
glass pipette/capillary for collection and denuding oocytes will increase chances of 
success and efficiency by minimizing time oocytes are outside of the incubator as well as 
in the Tyrode’s solution. Correct timing for ZP removal is extremely important for the 
success of this method. If the oocytes are incubated in Tyrode’s solution for an 
insufficient amount of time, the ZP will not be completely removed. This prevents the 
oocytes from bursting efficiently on the slide, as can be seen in Fig. 2.6E. However, if 
the oocytes are incubated in Tyrode’s solution for too long, oocyte quality and 
downstream immunofluorescence staining will be severely compromised. We 
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recommend watching the oocytes under a microscope to determine the exact time the ZP 
dissolves in Tyrode’s solution. Adding only 5-10 oocytes at a time to Tyrode’s solution 
will minimize excessive exposure. If the oocytes are released too high above the PFA-
coated slide, the chromosomes can be spread too far apart (Fig. 2.6F). Optimal results are 
found when oocytes are released 1 cm above the slide. Other factors that can hinder 
results include prolonged exposure to decreased CO2 levels in ambient air during oocyte 
manipulation steps. This causes pH fluctuations in the media that are detrimental to 
oocyte quality, and is apparent by progressive color change of the media from orange-red 
to pink. The buffering capacity of the media also decreases over time; therefore, we do 
not recommend using media that has been stored (4°C) for longer than 1 week. M2 
medium, which does not require CO2 to be buffered, is commonly used as an alternative. 
A limitation to chromatin spread preparations is the lack of visualization of the 
chromatin within the native context of the cell.  Cellular material outside of the nucleus 
cannot be visualized and spindle formation cannot be assessed.  Therefore, other methods 
can be used to assess oogenesis in addition to chromatin spreads, such as whole oocyte 
immunolabelling after monastrol treatment, which collapses the bi-polar spindle into a 
mono-polar spindle(Stein and Schindler, 2011a). This allows sister chromatids to be 
assessed within the context of the cell. Collectively, the chromatin spread methods 
described here can easily be applied to assess chromatin morphology and chromosome 







 All materials, including antibodies, needed are shown in Table 2.1, Table 2.2. 
and Table 2.3. Microscopes used were SteREO Discovery.V8 (Zeiss 495015-0001-000) 
and Observer Z1 (Zeiss). 
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Table 2.1. Materials used for oocyte chromatin spread preparations 
 




10X Phosphate buffered saline 
(PBS) pH 7.4 Quality Biological 119-069-161 
 60 mm x 15 mm petri dishes Denville T1106 
 35mm x 12mm petri dishes Denville T1103 
 Fine forceps VWR 300-050 
 Micro dissection scissors Ted Pella 1340 
 Dissecting scissors, sharp tip, 41/2" VWR 82027-578 
 
Watch glass square 1 5/8 
Carolina Biological Supply 
Company 742300 Autoclave before each use  
Sucrose  Sigma S8501 
 Trisodium Citrate Dihydrate Sigma S1804 
 EDTA Sigma  E6758 
 Trizma Base Sigma T1503 
 
1,4-Dithiothreitol (DTT) Sigma 646563 
Add to hypotonic buffer immediately 
before use 
50x Protease Inhibitor  Roche 11873580001 
Add to hypotonic buffer immediately 
before use 
 Turberculin syringe with needle  
(1cc, 27 G x 1/2 in) Becton, Dickinson (BD) 309623 
 Gold seal ultra frost glass slides 
(25X75mm, 1mm thick) Thermo  3063-002 
 Super PAP pen, large (liquid 
blocker) 
Electron Microscopy 
Sciences (EMS) 71310 
 
16% Paraformaldehyde aqueous 
Electron Microscopy 
Sciences (EMS) 15710 
 TritonX-100 Sigma T8787 
 Immuno stain moisture chamber Evergreen 240-9020-Z10 




Sciences (EMS) 74257 
 Pregnant mare serum gonadotropin 
(PMSG) Sigma G4877 Store aliquots at -20C 
Human chorionic gonadotropin 
(HCG) Sigma C0434 Store aliquots at -20C 
PYREX
TM 
Spot Plates with nine 
concave cavities Fisher 13-748B Autoclave before each use  
α-MEM Invitrogen 11415049 
 Waymouth's media  Life Technologies 11220035 
 Fetal bovine serum  Fisher  A3160602 
 Bovine serum albumin (BSA) Sigma A3311 For oocyte culture media 
500ml filter units 0.22um Denville  F5227 
 Hyaluronidase Sigma  H3506 
 Tyrode’s solution Sigma T1788 Store aliquots at -20C 
Horse serum Sigma H-1270 For ADB/wash buffer 
Bovine serum albumin (BSA) Sigma A1470 For ADB/wash buffer 
VECTASHIELD antifade mounting 
medium with DAPI Vector Labs H-1200 
 Microscope cover slides 
(22mmx60mm) Fisher 12-544-G 














Table 2.2. Materials for making mouth operated glass pipette or capillary 
 
Name of Material/ Equipment Company Catalog Number 
Glass capillary Fisher 22260943 
 Brand Parafilm M Sigma BR701501 
Latex rubber tubing (3.2 mm inner diameter 
x 6.4 mm outer diameter)  Fisher 14-178-5B 
Latex rubber tubing (6.4 mm inner diameter 
x 11.1 mm outer diameter) Fisher 14-178-5D 
Flexible silicone rubber nosepiece, hard 
plastic mouthpiece and 15 inches of latex 
tubing Sigma A5177-5EA 
Mitutoyo micrometer head Mituoyo 150-208  
Syringe 5 mL 
BD 
Biosciences 309646 
Syringe filter 0.45 μm filter  Corning 431220 
Glass Pasteur Pipette 5 3/4" Fisher 13-678-6A 












Table 2.3.  Antibodies 
 
Antibody Company Catalog Number 
 Dilution 
Factor 
Primary Antibodies    
Mouse anti-MLH1 Life Technologies MA5-15431 1:100 
Rabbit anti-SYCP1 Life Technologies PA1-16763 1:1000 




Incorporated 15-235 1:100 
Rabbit anti- TOPOII Abcam ab109524 1:100 
Mouse anti-Histone H4 
(di methyl K20, tri 
methyl K20) 
Abcam ab78517 1:500 
Rabbit anti-Rec8 Courtesy of Dr. Karen Schindler N/A 1:10,000 
    
Secondary Antibodies 
   
Donkey anti-goat IgG 
(H+L) Alexa Fluor 568 
conjugate 
Thermo-Fisher 
Scientific A-11057 1:500 
Donkey anti-mouse IgG 
(H+L) Alexa Fluor 488 
conjugate 
Thermo-Fisher 
Scientific A-21202 1:500 
Donkey anti-rabbit IgG 
(H+L) Alexa Fluor 647 
conjugate 
Thermo-Fisher 
Scientific A-31573 1:500 
Goat anti-mouse IgG 
(H+L) Alexa Fluor 568 
conjugate 
Thermo-Fisher 
Scientific A-11004 1:500 
Goat anti-Human IgG 
(H+L) Cross-Adsorbed 
Secondary Antibody, 
Alexa Fluor 488 
Thermo-Fisher 
Scientific A-11013 1:500 
Goat anti-rabbit IgG 
(H+L) Alexa Fluor 568 
conjugate 
Thermo-Fisher 








CHAPTER III  
SMC5/6 IS REQUIRED FOR THE FORMATION OF SEGREGATION-
COMPETENT BIVALENT CHROMOSOMES DURING MEIOSIS I IN MOUSE 
OOCYTES  
 
This chapter appeared in Development [Hwang, GH, Fengyun, S, O’Brien, M, Eppig, J, 
Handel MA, and Jordan, PW. (2017) Development. 144 (9), 1648-1660, 
doi:10.1242/dev.145607] and is reproduced here with minor edits.  
 
Introduction 
Meiosis is a specialized cell division required for the formation of haploid 
gametes. Following pre-meiotic DNA replication, homologous chromosomes pair and 
recombine. DNA recombination occurs within the context of a proteinaceous scaffold 
known as the synaptonemal complex (SC), which ensures close juxtaposition of 
homologs (Handel and Schimenti, 2010). After desynapsis, homologous chromosomes 
remain linked via chiasmata, which are a visible manifestation of crossover 
recombination. Chiasmata are biologically essential as they ensure that homologous 
chromosomes bi-orient and thus segregate from each other during the first meiotic 
division (meiosis I). Subsequently, sister chromatids segregate during meiosis II, 
resulting in the formation of haploid gametes. 
Regulation of meiosis is sexually dimorphic in mammals. Research using the 
mouse as a model has helped to delineate the dimorphic features that are also observed in 
humans. In most male mammals, meiosis is initiated postnatally, with continual 
production of spermatocytes undergoing meiosis throughout life. In female mice, meiosis 
is initiated during fetal development but arrests in a prolonged diplotene, or dictyate, 
stage of prophase I. Cohorts of dictyate stage oocytes begin growth shortly after birth and 
meiosis does not resume in vivo until after the preovulatory surge of luteinizing hormone 
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(LH) in post-pubescent mice. However, fully-grown oocytes undergo spontaneous, LH-
independent, resumption of meiosis after isolation and culture under supportive 
conditions (Pincus and Enzmann, 1935b). Meiosis, whether occurring in vivo or in vitro, 
becomes arrested again after progression to metaphase II and is completed only after 
fertilization or parthenogenic activation. 
Cohorts of oocytes resume meiosis throughout the reproductive life span and 
therefore can reflect aging effects. As women age, their oocytes become more susceptible 
to chromosome missegregation, which can lead to infertility and developmental 
abnormalities (Hassold and Hunt, 2001a). Therefore, it is important to determine 
molecular pathways that are prone to error in oocytes, especially the proteins required for 
monitoring and facilitating chromosome segregation (MacLennan et al., 2015). 
The structural maintenance of chromosomes (SMC) complexes are important regulators 
of chromosome dynamics and structure during mitosis and meiosis. Each member of the 
SMC family, which includes cohesin, condensin, and SMC5/6, is comprised of a V-
shaped SMC protein heterodimer. The SMC proteins each have a hinge domain that is 
flanked by long coiled-coil domains, which allows the proteins to fold back on 
themselves. The C and N globular heads interact with each other, forming an ATP-
binding and ATP hydrolysis site. The ATPase domains are bridged together by non-SMC 
elements (Nasmyth and Haering, 2005). 
Cohesin is a SMC1/3 heterodimer that is linked by an α-kleisin and a stromal 
antigen protein. During mitosis, cohesin is required to maintain sister chromatid cohesion 
before the metaphase-to-anaphase transition (Remeseiro and Losada, 2013). However, to 
ensure that sister chromatids segregate together during meiosis I, centromeric cohesin is 
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maintained until meiosis II (Petronczki et al., 2003a). In addition, cohesin complexes are 
required for accurate recombination and synapsis between homologous chromosomes 
(Rankin, 2015b). Meiosis-specific cohesin components, including SMC1β, two α-kleisins 
(REC8 and RAD21L) and a stromal antigen protein (STAG3), are important for these 
additional requirements of cohesins during meiosis (Hopkins et al., 2014a, Fukuda et al., 
2014, Winters et al., 2014, Llano et al., 2014, Xu et al., 2005, Revenkova et al., 2004, 
Herran et al., 2011, Bannister et al., 2004). Mutation of meiosis-specific cohesin 
components in female mice results in an increased frequency of oocyte aneuploidy and 
premature ovarian failure (Hodges et al., 2005, Murdoch et al., 2013, Herran et al., 2011). 
The two condensin complexes (I and II) are composed of the SMC2 and SMC4 
heterodimers, but their kleisin subunit, and pair of HEAT repeat elements are unique 
(Hirano, 2015). Condensins localize to the longitudinal axes of bivalents following 
meiotic resumption in mouse oocytes, and both complexes are required for chromosome 
compaction before meiosis I (Houlard et al., 2015b, Lee et al., 2011). However, only 
condensin II is essential for disentanglement of chromosomes prior to their segregation. 
SMC5/6 heterodimers are linked by NSMCE4, a kleisin subunit (Verver et al., 
2015). Two additional subunits, NSMCE1 and NSMCE3, interact with one another and 
with NSMCE4 (Pebernard et al., 2008b, Palecek et al., 2006a). NSMCE1 contains a 
RING-finger domain, common to E3 ubiquitin ligases, and NSMCE3 contains a MAGE 
(meleanoma-associated antigen gene) domain. NSMCE3 enhances the E3 ubiquitin ligase 
activity of NSMCE1 (Doyle et al., 2010b). NSMCE2, which contains an SP-RING 
domain, binds to the coiled-coil region of SMC5 and can function as an E3 SUMO ligase 
(Andrews et al., 2005b, Zhao and Blobel, 2005b, Potts and Yu, 2007a). 
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Studies assessing the SMC5/6 complex in mammalian germ cells have been 
limited to analyses of its localization pattern during mammalian spermatogenesis (Verver 
et al., 2014b, Gómez et al., 2013, Verver et al., 2013a). Because the regulation of meiosis 
is sexually dimorphic, there may be temporal and functional differences in the roles of 
SMC5/6 in females versus males. This study demonstrates that the SMC5/6 complex is 
enriched at the pericentromeric regions and is also detected along chromosome arms 
during female meiosis. To determine the function of the SMC5/6 complex following 
meiotic resumption in mouse oocytes, an oocyte-specific conditional knockout (cKO) 
mouse was created, deleting a floxed Smc5 allele using the Zp3-Cre transgene, which is 
expressed in growing oocytes before meiotic resumption (Lan et al., 2004, Lewandoski et 
al., 1997). Analysis of the female Smc5 cKO mutants led to two major findings: 1) 
Maternal expression of SMC5 before meiotic resumption is essential for embryogenesis; 
and 2) absence of SMC5/6 during meiotic resumption results in oocyte aneuploidy due to 
an inability to resolve chromosomes during meiosis I. Furthermore, protein levels of 
SMC5/6 components in oocytes decline as wild-type females age, implicating the 
SMC5/6 complex as a potential contributor to oocyte aneuploidy and infertility in aging 
females. 
Results 
SMC5/6 is enriched at oocyte pericentromeric heterochromatin during meiosis 
Chromatin spreads were prepared to assess the localization of the SMC5/6 
complex during female meiosis via immunofluorescence microscopy with antibodies 
raised against SMC5, SMC6 and NSMCE1 (Fig. 3.1; Fig. S3.1). Meiotic prophase sub-
stages were determined by assessing chromosome axis morphology (synaptonemal 
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complex protein, SYCP3) and centromere pairing (anti-centromere autoantibody, CEN; 
also known as ACA and CREST). During leptonema SMC6 localized throughout the 
spread chromatin (Fig. 3.1A). By early zygonema, SMC6 was enriched at 
pericentromeric heterochromatin. At pachynema, SMC6 remained enriched at 
pericentromeric heterochromatin, and was also evident at lower intensity along the arms 
of chromosomes. These localization patterns were partially resistant to DNase treatment 
(Fig. S3.2). Additionally, SMC6 was observed as foci along chromosome axes and 
chromosome ends (Fig. 3.1B). SMC6 foci were not always evident on pachytene stage 
chromatin spreads, and did not overlap with MLH1 foci (Fig. S3.3), suggesting that they 
may be transient and stage-specific. At early diplonema, SMC6 remained enriched at the 
pericentromeric heterochromatin, however this enrichment was decreased by late 
diplonema. Analysis of SMC5, NSMCE1 and an additional antibody raised against 
SMC6 resulted in similar localization patterns (Fig. S3.1). Differences in localization 
patterns are likely due to epitope accessibility, as is the case with mouse prophase 
spermatocytes (Gómez et al., 2013), SMC6 localization to the pericentromeric 
heterochromatin in oocytes overlaps with that observed for TOP2A (Fig. 3.1C). 
Following meiotic resumption, SMC6 was enriched at the pericentromeric 
heterochromatin during meiosis I and remained present at metaphase II (MII), when 
oocytes arrest (Fig. 3.1D). Chromosome spread preparations of metaphase I (MI) oocytes 








Contrasting data have been reported on whether mutation of cohesin component, 
REC8, affects Smc5/6 axis loading during meiosis in budding yeast (Copsey et al., 
2013b, Lilienthal et al., 2013b). Localization of SMC6 was assessed using a Rec8 mouse 
mutant (Bannister et al., 2004). The enrichment of SMC6 to the pericentromeric 
heterochromatin and localization to chromosome arms was not affected in Rec8 mutants 
(Fig. 3.1F), demonstrating that REC8 was not required for SMC6 localization. This 
finding is supported by observations made using mouse spermatocytes, where mutation 
of Smc1β did not affect SMC5/6 localization (Gómez et al., 2013). 
 
Oocyte-specific conditional mutation of Smc5 results in infertility 
Mice that harbored a conditional knockout (cKO) allele of Smc5 were used to 
assess the requirement of the SMC5/6 complex for the meiotic divisions and formation of 
blastocysts (Fig. 3.2A,B, see Materials and Methods). Exon 4 of Smc5 was flanked by 
loxP Cre recombinase target sequences and this allele was termed Smc5 flox (Fig. 3.2A). 
Breeding heterozygous Smc5 flox mice to mice expressing the Cre recombinase transgene 
generated a KO allele termed Smc5 del. The heterozygous Smc5 del mice exhibited no 
gross morphological abnormalities during development and adult life. No offspring 
homozygous for the Smc5 del mice allele were produced, indicating that homozygosity 
for the deletion allele is lethal. Therefore, to determine if Smc5 is essential for oogenic 
meiotic divisions, a hemizygous Cre recombinase transgene under the control of the 
promoter for the zona-pelucida protein 3 gene (Zp3-Cre tg/0) was used. This transgene is 







Table 3.1. Fertility tests and offspring genotyping results for Smc5 mutant 
and control mice 
 
Offspring  
Strain Smc5+/+ Smc5+/flox 
Smc5 
+/del Total 
♂ Smc5flox/del x  ♀ wild-type (n=10)          0          (0 pups) 
         51%         
(90 pups) 




♂ Smc5flox/del, Zp3-Crex x  ♀ wild-type 
(n=5) 
         0           
(0 pups) 
      55%      
(39 pups) 
        45%        
(32 pups) 
        71 
pups        
(7.1/litter) 
♀ Smc5 +/flox x ♂ wild-type (n=5)        48%      (31 pups) 
        52%       
(33 pups) 
            0             
(0 pups) 
    64 pups   
(6.4/litter) 
♀ Smc5 +/flox, Zp3-Cre x ♂ wild-type 
(n=5) 
       47%      
(32 pups) 
          0           
(0 pups) 




♀ Smc5flox/del x  ♂ wild-type (n=8)         0        (0 pups) 
        47%       
(58 pups) 




♀ Smc5flox/del, Zp3-Cre x ♂ wild-type 
(n=5) 
         0          
(0 pups) 
              0           
(0 pups) 
          0             
(0 pups) 












division (Lan et al., 2004, Lewandoski et al., 1997). Breeding Smc5 +/flox, Zp3-Cre tg/0 
(control) females to wild-type males showed that mutation of the Smc5 flox allele 
mediated by Zp3-Cre was 100% efficient (Table 1). The Smc5 flox/del, Zp3-Cre tg/0 
(Smc5 cKO) females failed to produce litters (N=5), despite having normal ovarian 
morphology and equivalent oocyte numbers (Fig. S3.4A,B). 
 
Smc5 cKO oocytes are incapable of mature blastocyst formation following IVF 
In vitro oocyte maturation (IVM) and fertilization (IVF) was used to determine 
whether blastocysts could be obtained from Smc5 cKO oocytes. Fully-grown germinal 
vesicle (GV) oocytes were isolated from the large antral follicles of Smc5 cKO (Smc5 
flox/del, Zp3-Cre tg/0) and control (Smc5 +/flox, Zp3-Cre tg/0) female ovaries aged 
between 4 and 12 weeks, and cultured in media that supported meiotic resumption in 
vitro (IVM). There was no observable delay in GV break down (GVBD), indicative of 
meiotic resumption (Fig. S3.4C), and likewise no reduction in frequency of oocytes that 
underwent polar body extrusion (PBE) and metaphase II (MII) arrest (Fig 3.3A,B). 
However, following IVF using sperm from a wild-type mouse, fertilized oocytes from 
Smc5 cKO females failed to form mature blastocysts, with many embryos arresting at the 
4 to 16 cell stages (Fig 3.3A-C). Intriguingly, there was a difference in IVF results 
between oocytes from mice that were 4 weeks of age (considered as the “juvenile” 
cohort), and mice that were between 12 and 16 weeks of age (considered the “adult” 
cohort). In the “juvenile” cohort, fertilized oocytes progressed to the 2-cell stage at levels 





fertilized oocytes displayed a significant decrease in 2-cell stage embryos following IVF 
(Fig. 3.3B). In addition, although there was a significant decrease in embryos progressing 
beyond the 2-cell stage compared to the littermate control, the “juvenile” cohort of 
embryos collectively progressed further than the “adult” cohort (Fig. 3.3A,B). Embryos 
from the “juvenile” cohort were assessed via light and immunofluorescence microscopy. 
Cells and nuclei from the control embryos displayed similar shape and size, and the 
nuclei harbored an SMC6 signal (Fig. 3.3C,D; Fig. S3.5). In contrast, embryos from the 
Smc5 cKO embryos contained low or undetectable levels of SMC6 protein, and nuclei 
were irregular in size, which is consistent with defects during mitosis and imbalanced 
chromosome segregation during cell division. 
 
Only the “adult” Smc5 cKO oocytes display aneuploidy at metaphase II 
To determine whether the observed failure to form blastocysts was due to defects 
in chromosome segregation during meiosis, the number and morphology of chromosomes 
in oocytes arrested at MII were assessed. Due to the age-related differences observed in 
the IVF studies, MII oocytes from “juvenile” and “adult” mice were assessed separately. 
MII chromosome spread preparations of the “juvenile” Smc5 cKO oocytes did not exhibit 
significant increases of aneuploidy or chromosome abnormalities (Fig. 3.4A, Table 2). 
By contrast, chromosome spread preparations from the “adult” Smc5 cKO females 
displayed abnormal chromosome number and morphology, and separated sister 
chromatids were observed (Fig. 3.4A, Table 2). Chromosome number and morphology 

















Figure 3.4. Metaphase II oocytes from “adult” Smc5 cKO have aneuploidy and 
abnormal chromosome morphology. Control (Smc5 +/flox, Zp3-Cre tg/0) and Smc5 
cKO (Smc5 flox/del, Zp3-Cre tg/0) oocytes arrested at MII were assessed for 
chromosome number, centromere number and chromosome morphology using two 
separate age groups (“juvenile” = 4 weeks old, and “adult” ≥ 12 weeks old). (A) 
Examples of chromosome spreads of control and Smc5 cKO MII oocytes. Red arrows 
point to single chromatids and yellow arrow shows an example of abnormal chromosome 
morphology. (B) MII oocytes treated with monastrol, DAPI (blue, DNA), SMC6 (red), 
and CEN (green). (C) Scatter dot-plot graph of centromere counts from monastrol treated 
MII oocytes obtained from “juvenile” cohorts of control (average = 39.6, N = 50) and 
Smc5 cKO mice (average=39.4, N=50) and “adult” cohorts of control (average = 39.1, N 
= 50) and Smc5 cKO mice (average=36.7, N=25). Mean and standard deviation of the 
columns of each graph are represented by the black bars and P values are given for 
indicated comparisons (Mann-Whitney, two-tailed). (D) Bar graph of percentage of 
oocytes with abnormal chromosome morphology from “juvenile” cohorts of control 
(average=4.84%, N=62) and Smc5 cKO mice (average=17.24%, N=50), and “adult” 
cohorts of control (average=13.25%, N=83) and Smc5 cKO mice (average=53.49%, 
N=86). Mean and standard error measurement of the columns of each graph are 
represented by the black bars and P values are given for indicated comparisons (chi-
square test). Collectively, at least 10 mice for each group were used to obtain the data. 





















Table 3.2. Chromosome count data from chromosome spreads   
    MII chromosome counts 





Control (4 weeks old) 83 15 (18.1) 68 (81.9) 0 (0.0) 0 (0.0) 
Smc5 cKO (4 weeks old) 90 17 (18.9) 71 (78.9) 1 (1.1) 1 (1.1) 
Control (≥ 12 weeks old) 76 14 (18.4) 62 (82.5) 0 (0.0) 0 (0.0) 
Smc5 cKO (≥ 12 weeks 













Monastrol binds to and disrupts the function of kinesin protein, KIF11, resulting in 
monopolar spindles making it easier to distinguish each sister chromatid pair (Stein and 
Schindler, 2011b). Centromere number was counted using an anti-centromere 
autoantibody (CEN). In addition, the presence of the SMC5/6 complex was determined 
using an SMC6 antibody. Complementary to the chromosome spread preparations (Fig. 
3.4A, Table 2), the monastrol treated MII oocytes from the “juvenile” Smc5 cKO cohort 
did not exhibit significant differences compared to the control oocytes with respect to 
centromere counts or chromatin morphology (Fig. 3.4B-D). Furthermore, most (83%) of 
the oocytes from the “juvenile” Smc5 cKO harbored SMC6 protein signal. In contrast, the 
majority (61%) of monastrol treated oocytes from the “adult” Smc5 cKO cohort lacked 
SMC6 signal, and presented significant differences with regards to centromere counts 
compared to littermate controls (Fig. 3.4B,C; Fig. S3.6A). Additionally, it was not 
possible to obtain centromere counts from more than 50% of the monastrol treated Smc5 
cKO oocytes from the “adult” mice, because the chromatin was grossly abnormal, 
demonstrating stretched morphology, and indistinguishable sister chromatid pairs (Fig. 
3.4B-D; Fig. S3.6A). Furthermore, 5% of Smc5 cKO MII oocytes displayed abnormal 
morphology indicative of oocyte degeneration (Fig. S3.6B,C). 
 
Oocyte SMC5/6 protein levels decrease in aging females 
Excision of the floxed 4th exon of Smc5 driven by the Zp3-Cre transgene was 
shown to be 100% efficient based on mating tests, PCR analysis and the IVF data (Fig. 





the SMC6 protein was still present in most oocytes of the “juvenile” Smc5 cKO cohort 
(Fig. 3.4C). These data suggest that SMC5/6 protein levels present before Cre-mediated  
deletion of Smc5 are sufficient to support proficient meiosis, but not embryogenesis. 
Furthermore, the majority of oocytes from the “adult” cohort do not harbor residual 
SMC6 protein, and fail to form chromosomally normal MII oocytes (Fig. 3.4, Table 2). 
As fertility and genome integrity are negatively correlated with age, it can be postulated 
that SMC5/6 levels within GV oocytes of wild-type mice may decrease with age. To test 
this hypothesis oocyte protein extracts from three groups of C57BL6/J wild-type mice 
aged 4, 12 and 24 weeks were assessed for SMC5, SMC6, NSMCE1 and NSMCE2 
protein levels (Fig. 3.5A,B). From this analysis it was determined that protein levels for 
all four SMC5/6 components decreased significantly in oocytes isolated from older mice. 
 
Smc5 is a maternal-effect gene 
As there were residual levels of SMC6 detected in the oocytes isolated from 
“juvenile” Smc5 cKO mice, it was hypothesized that SMC5/6 levels were adequate to 
facilitate chromosome segregation during meiosis, but was insufficient for sustaining 
proper mitotic segregation during the early embryogenesis. To further assess the 
relationship between Smc5 mutation and the capacity to form mature blastocysts, wild-
type, heterozygous Smc5 del male and female mice were used for IVF to test effects of 
paternal versus maternal inheritance of the mutant allele. The oocytes used in these 
assays were from 4 week old mice, and therefore equivalent to the designated “juvenile” 












Table 3.3. Mating test and genotyping data for Smc5 flox/del (control) 
and Smc5 flox/del, Hspa2-Cre cKO males mated to C57BL6/J females 
  Offspring  
Strain Smc5+/flox Smc5+/del Total 
♂ Smc5flox/del         49%       
(51 pups) 
         51%      
(53 pups) 
104 pups 
(6.9/litter) x  ♀ wild-type 
♂ Smc5flox/del, Hspa2-Cre           2%        
(1 pup) 
       98%       
(64 pups) 
65 pups 
(7.2/litter) x ♀ wild-type 
n=5 males tested, three liters 














Table 3.4. Mature blastocyst counts following IVF of MII 
oocytes 
Cross Blastocyst % (fraction) [number of repeats] 
♂ wild type x ♀ wild-type 52% (34/66) [3] 
♂ Smc5 flox/del x ♀ wild-type 48% (19/38) [2] 
♂ wild-type x ♀ Smc5 flox/del  55% (41/75) [4] 
♂ Smc5flox/del, Hspa2-Cre 50% (39/77) [3] x ♀ wild-type 
♂ Smc5 flox/del, Hspa2-Cre 23% (10/43) [2] x ♀ Smc5 flox/del 











fertile and produce sperm that almost exclusively carry the Smc5 del allele, were used for 
IVF. Based on mating tests with C57BL6/J wild-type females, 98% of progeny from the  
Smc5 flox/del, Hspa2-Cre males carry the Smc5 del allele (Table 3). When sperm from 
the heterozygous Smc5 del and Smc5 flox/del, Hspa2-Cre males were combined with 
wild-type oocytes the levels of mature blastocysts obtained were equivalent to the wild-
type IVF (Table 4), showing that presence of the paternally inherited Smc5 del allele 
does not affect early embryogenesis. When female heterozygous Smc5 del oocytes were 
fertilized with wild-type sperm, levels of mature blastocysts were equivalent to the wild-
type IVF results, suggesting that the expression of Smc5 during oocyte growth is essential 
for supporting early stages of embryogenesis. When the heterozygous Smc5 del oocytes 
were fertilized with sperm from the Smc5 flox/del, Hspa2-Cre males, the level of 
blastocysts obtained reduced by approximately half, which supports the fact that early 
stages of embryonic development are affected in embryos homozygous for mutation of 
Smc5. Homozygous mutation of other components of the SMC5/6 complex, Smc6 and 
Nsmce2, have also been shown to cause embryonic lethality (Jacome et al., 2015a, Ju et 
al., 2013). Taken together with the IVF and MII data obtained for the “juvenile” Smc5 
cKO females (Fig. 3.3, Fig. 3.4, and Table 2; Fig. S3.5), these results suggest that Smc5 
expression during oocyte growth, before meiotic resumption, is critical for 
embryogenesis, and therefore, Smc5 is a maternal-effect gene. 
 
Oocyte-specific cKO of Smc5 causes chromosome stretching during meiosis I 
Because abnormal chromosome morphology was observed in oocytes from the 
“adult” Smc5 cKO group at metaphase II arrest, it is possible that chromosome 
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morphology and segregation earlier, during meiosis I, was perturbed. The localization of 
SMC5/6 components in the Smc5 cKO and control oocytes during meiosis I was 
assessed. SMC5/6 components SMC5, SMC6 and NSMCE1 were enriched at the 
pericentromeric heterochromatin during the metaphase to anaphase I transition in control 
oocytes, but were absent in the Smc5 cKO oocytes (Fig. 3.6A). Oocytes were assessed 
during the metaphase to anaphase I transition (Fig. 3.6B-D). In the majority (95%, N = 
144) of the control oocytes proficient segregation of homologous chromosomes was 
observed. In sharp contrast, the majority (62%, N = 220) of Smc5 cKO experimental 
oocytes displayed chromosome stretching and lagging chromosomes. The severe 
chromatin stretching observed between homologous chromosomes (Fig. 3.6C) suggests 
that deletion of Smc5 prevented decatenation of homologous chromosomes. 
Given the meiotic abnormalities described above, the spindle assembly 
checkpoint (SAC) was assessed in the Smc5 cKO oocytes. SAC satisfaction during the 
metaphase to anaphase I transition was indirectly determined by assessing the SAC 
protein MAD2, which normally localizes to kinetochores during prometaphase, and 
remains there until ubiquitous bipolar microtubule-kinetochore attachment satisfies the 
SAC (Lara-Gonzalez et al., 2012). MAD2 staining was present at the kinetochores at 
prometaphase in both control and Smc5 cKO oocytes (Fig. 3.6F). MAD2 signal at the 
kinetochore was absent in both control and Smc5 cKO oocytes undergoing the metaphase 
to anaphase I transition (Fig. 3.6G). These observations suggest that mutation of Smc5 
does not affect the temporal pattern of MAD2 localization, and therefore may not affect 
SAC function, consistent with the lack of MI oocyte arrest. Additionally, cell cycle 












Figure 3.6. Smc5 cKO oocytes display lagging and stretched chromosomes during 
meiosis I. (A) Metaphase I oocytes from control (Smc5 +/flox, Zp3-Cre tg/0) and Smc5 
cKO (Smc5 flox/del, Zp3-Cre tg/0) mice, DAPI (blue, DNA), α-tubulin (green, α-TUB), 
CEN (green), and a subunit of the SMC5/6 complex (SMC5, SMC6, NSMCE1, red). (B) 
Oocytes transitioning from metaphase I to anaphase I, DAPI (blue, DNA), α-TUB (green) 
and CEN (red). (C) Smc5 cKO oocyte undergoing metaphase I to anaphase I transition 
displaying chromatin stretching, DAPI (purple, DNA) and CEN (green). Images with a 
3x magnification of chromosome stretches on the right. (D) Bar graph of percentages of 
oocytes (n=104 for control and n=167 for Smc5 cKO) showing even metaphase I to 
anaphase I chromosome segregation (MI to AI even), chromosome stretching (MI to AI 
stretch); and in anaphase I (n=40 for control and n=53 for Smc5 cKO) showing no 
lagging chromosomes (AI no lagging) and lagging chromosomes (AI lagging). 
The P values (one-tailed paired t-test) for the indicated comparisons are P=0.004 (MI to 
AI) and P=0.0078 (AI). (E) Pro-metaphase I and (F) metaphase I oocytes were stained 
with DAPI (blue, DNA), MAD2 (green) and CEN (purple). (H) Pro-metaphase oocyte 
stained with DAPI (blue, DNA), Histone H4 dimetyl K20, trimetyl K20 (red, H4K20), 
and CEN (green). Collectively, at least 10 mice for each group were used to obtain the 











Absence of the SMC5/6 complex causes aberrant localization of condensin 
Premature depletion of REC8 before the meiosis I division in oocytes is 
associated with chromosome missegregation (Tachibana-Konwalski et al., 2010b, Chiang 
et al., 2010). Therefore, localization of REC8 was assessed using metaphase I 
chromosome spreads. REC8 was present along the axes of the bivalents in control and 
Smc5 cKO oocytes from “adult” mice, with no apparent difference between them (Fig. 
7A). These results suggest that mutation of Smc5 before meiotic resumption does not 
significantly affect localization of REC8-containing cohesins. 
SMC5/6 colocalizes with TOP2A in mouse oocytes (Fig. 3.1C), and similar to the 
Smc5 cKO oocytes from the “adult” cohort, inhibition of TOP2A function results in 
severe defects in chromosome condensation and homologous chromosome separation (Li 
et al., 2013). Therefore, the effect of Smc5 cKO on the localization of TOP2A during 
meiosis I was determined using “adult” mice. TOP2A was enriched at the 
pericentromeric regions in control oocytes, and was also detected along chromosome 
arms (Fig. 3.7B). No detectable change in TOP2A localization was observed in the Smc5 
cKO oocytes (Fig. 3.7B). 
Condensins are required to ensure chromosome segregation during meiosis I in 
mouse oocytes (Houlard et al., 2015b). Similar to the results presented here for Smc5 
cKO oocytes, conditional mutation of a condensin II component, Ncaph2, resulted in 
chromosome stretching during meiosis I due to an inability to disentangle chromosomes. 
To determine whether condensin localization is affected in the absence of the SMC5/6 
complex, localization of the condensin I and II subunit SMC4 was assessed using “adult” 
cohorts of mice. In control metaphase I chromosome spread preparations, SMC4 was 
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present along the longitudinal axes of each bivalent (Fig. 3.7C). In contrast, in 
chromosome spread preparations from Smc5 cKO metaphase I oocytes, there was a 
significant reduction in SMC4 signal along chromosome arms (Fig. 3.7C,D). In addition, 
the SMC4 signal on chromosome arms was discontinuous and the normal linear pattern 
along chromosomes axes was difficult to distinguish. However, there was no apparent 
reduction in condensin signal that colocalized with the kinetochore/centromeric regions 




This study of a genetic model for oocyte depletion of SMC5 has demonstrated 
that the SMC5/6 complex is essential for ensuring accurate chromosome segregation 
following meiotic resumption and during early embryogenesis. Furthermore, the data 
suggest that SMC5/6 complex protein levels diminish as mice age, and Smc5 is a 
maternal-effect gene. 
 
Smc5/6 localization pattern implicates multiple-functions during meiosis 
SMC5/6 is enriched at the pericentromeric heterochromatin regions throughout 
meiosis in mouse oocytes, which is consistent with what was found in mouse 
spermatocytes (Gomez et al., 2013, Verver et al., 2013). The pericentromeric 
heterochromatin region consists of densely packed repetitive sequences and is at high risk 
of aberrant recombination events when double-strand breaks within these regions are 
repaired via homologous recombination (HR) (Goodarzi and Jeggo, 2012). SMC5/6 
92 
 
prevents HR within repetitive sequences such as rDNA in yeast, and heterochromatin in 
Drosophila mitotic cells (Torres-Rosell et al., 2007, Chiolo et al., 2011). Taken together, 
studies using mouse spermatocytes and oocytes suggest that SMC5/6 performs a similar 
function at the pericentromeric heterochromatin during meiosis (Gomez et al., 2013; 
Verver et al., 2013).  
Although lower in signal intensity, SMC5/6 also localized throughout the 
chromatin during meiosis. This is consistent to what has been reported for mouse 
spermatocytes (Gomez et al., 2013; Verver et al., 2013). SMC5/6 was also visible along 
chromosome axes at pachynema in oocytes, which was also detected in mouse 
spermatocytes (Gomez et al., 2013). In addition, transient foci of SMC6 were detected 
along the chromosome arms in female germ cells during pachynema, suggesting a role 
during meiotic recombination, which has previously been reported using budding yeast 
and Caenorhabditis elegans (Bickel et al., 2010, Hong et al., 2016, Checchi et al., 2014, 
Copsey et al., 2013a, Lilienthal et al., 2013a, Xaver et al., 2013).. In mammals, every 
chromosome pair obtains many recombination sites but generally yields only one to two 
crossover sites (Kauppi et al., 2004). Designations of which recombination sites become 
crossovers involve antagonistic roles between ubiquitin E3 ligase HEI10 and SUMO E3 
ligase RNF212 (Reynolds et al., 2013, Qiao et al., 2014, Rao et al., 2017, Ahuja et al., 
2017). It is possible that the SMC5/6 complex is a substrate of HEI10 and RNF212. 
Therefore, these SMC6 foci could indicate that SMC5/6 plays a role in regulating 




Differences between the Smc5 cKO oocytes isolated from “juvenile” and “adult” mice  
SMC6 protein was detected in the majority of oocytes in the “juvenile” Smc5 
cKO cohort. However, SMC6 was not detected in the majority of “adult” Smc5 cKO 
oocytes. As a consequence of this difference, oocytes from “juvenile” Smc5 cKO mice 
progress to MII without aberrant chromosome configurations (Fig. 3.4, Table 2), 
whereas oocytes from “adult” Smc5 cKO mice fail to accurately segregate chromosomes 
during meiosis I (Fig.3.6). Despite evidence for proficient meiosis from analysis of MII 
ploidy and chromosome morphology in oocytes from the “juvenile” Smc5 cKO cohort, 
these oocytes failed to form mature blastocysts when fertilized with sperm bearing a 
wild-type Smc5 gene. This failure to form mature blastocysts is attributed to aberrant 
chromosome segregation during mitosis (Fig. 3.3; Fig. S3.5). This phenotype is 
reminiscent to the mitotic catastrophe observed in Smc5 cKO mouse embryonic stem 
cells (Pryzhkova and Jordan, 2016b). 
The phenotypes observed and differences between “juvenile” and “adult” Smc5 
cKO mice implies the following hypotheses. Firstly, SMC5/6 protein levels before oocyte 
growth are important for proficient chromosome segregation during meiotic resumption 
(Fig.3.4, Tables 2; Fig. 3.6). Secondly, SMC5/6 protein levels present in oocytes 
diminish as mice age (Fig. 3.5, Tables 3, Table 4). Thirdly, there is a critical level of 
SMC5 protein that is required for proficient chromosome segregation during oocyte 
meiosis (Fig. 3.4, Table 2). Fourthly, expression of Smc5 during the oocyte growth phase 





SMC5/6 protein levels are diminished in aging oocytes  
Frequency of meiotic segregation errors increases as women age, especially after 
the age of ~35, resulting in dramatically increased incidence of miscarriage and birth 
defects (Hassold and Hunt, 2001a). During the long prophase arrest that precedes meiosis 
I in female mammals, cohesin declines gradually and in aged oocytes the reduction of 
cohesin causes destabilization of chiasmata and separation of sister centromeres, which 
can result in chromosome missegregation during meiosis I (Tsutsumi et al., 2014, 
Tachibana-Konwalski et al., 2010b, Lister et al., 2010). This current study determined 
that SMC5/6 protein levels decrease in oocytes isolated from older mice, and by 
correlation of phenotypes, this could also contribute to age-related aneuploidy and 
infertility (Fig.3.8). Using an inducible transgene of Rec8, it was recently shown that 
cohesin is established in fetal oocytes during DNA replication, and there is no detectable 
turnover of cohesin in arrested oocytes, or during meiotic resumption (Burkhardt et al., 
2016). Development of inducible, tagged version of an SMC5/6 component could be used 
to determine whether the SMC5/6 complex is replenished during meiotic resumption, or 
it remains stably associated with the chromatin for months following meiotic arrest. 
Heterozygous mutants of cohesin components lead to age-related increases in 
oocyte aneuploidy (Murdoch et al., 2013). Therefore, it is possible that a heterozygous 
mutation of a SMC5/6 component could lead to age-related errors during oogenesis too. 
Supporting this notion, it has been shown that heterozygous mutation of Nscme2 results 






Smc5 is a maternal-effect gene 
Early stages of embryogenesis are almost entirely dependent on the oocyte for 
subcellular organelles and proteins before the robust activation of the embryonic genome 
at cleavage-stage development (Fig. 8A). These maternal proteins are encoded by 
maternal-effect genes (Li et al., 2010). Approximately, 45-50 maternal-effect genes have 
been identified in mammals, and many of these are involved in chromatin structure, 
modification and genome integrity (Zhang and Smith, 2015). Reduced levels of maternal-
effect genes have been associated with reduced oocyte developmental competence 
characteristic of ovarian aging (Guglielmino et al., 2011, Pan et al., 2008, Hamatani et al., 
2004, Zhang and Smith, 2015). The IVF experiments presented in this study showed that 
embryogenesis was aberrant only when Smc5 was mutated during the oocyte growth 
phase, and provision of a functional Smc5 gene from sperm was insufficient to facilitate 
embryogenesis. These data suggest that Smc5 is a maternal-effect gene in mouse. 
Recently, it was reported that smc5 and smc6 of Drosophila melanogaster are also 
maternal-effect genes (Tran et al., 2016), suggesting that this feature is conserved in 
many sexually reproducing organisms. 
 
SMC5/6 may be required to assist condensin functions and TOP2A-dependent 
decatenation 
 
Inhibition of TOP2A function in mouse oocytes and RNAi-mediated depletion in 
fly oocytes during meiosis I cause similar chromosome segregation defects observed in 
the Smc5 conditional knockout mouse oocytes (Hughes and Hawley, 2014, Li et al., 
2013). Components of the SMC5/6 complex colocalize with TOP2A during prophase and 
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following meiotic resumption in mouse oocytes. This is supported by previous 
observations made using mouse spermatocytes (Gómez et al., 2013). RNAi knockdown 
of SMC5 and SMC6 in human RPE-1 cells alters chromosomal localization properties of 
TOP2A (Gallego-Paez et al., 2013). Therefore, it was hypothesized that mutation of Smc5 
would affect TOP2A localization in mouse oocytes. However, no defects in TOP2A 
localization were observed, which aligns with what was reported for Smc5 cKO in mouse 
embryonic stem cells (Pryzhkova and Jordan, 2016b). Studies of yeast SMC5/6 have 
shown that the complex is linked with TopoII-dependent catenation/decatenation 
functions (Kanno et al., 2015, Jeppsson et al., 2014c, Kegel et al., 2011b). Furthermore, 
meiotic depletion of Top2 in budding yeast affects Smc5 localization (Copsey et al., 
2013b). While TOP2A localization is unaffected by mutation of Smc5 in mouse oocytes, 
the functionality of TOP2A may still be affected. 
Analysis of metaphase I chromosome spreads revealed that SMC5/6 is required 
for normal localization of condensin along chromosome arms. The phenotypes observed 
here for the Smc5 cKO mutant are reminiscent of the Ncaph2 condensin II cKO mutant 
(Houlard et al., 2015b), as both display abnormal chromosome morphology, similar 
stretching of chromosomes and chromosome segregation defects during meiosis I. There 
is mounting evidence for a functional link between SMC5/6 and condensin. RNAi 
depletion of SMC5 and SMC6 in human RPE-1 cells resulted in defective axial 
localization of condensin (Gallego-Paez et al., 2013). Abnormal condensin localization 
was also observed using Smc5 cKO mouse embryonic stem cells (Pryzhkova and Jordan, 
2016b). Furthermore, mutation of smc-5 in C. elegans leads to abnormal distribution of 
condensin along bivalents during meiosis I (Hong et al., 2016). However, previous 
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studies were not able to determine whether the defects in condensin localization were 
specific to the prophase to metaphase transition. Utilizing the Zp3-Cre transgene to 
mutate Smc5 suggests that there is a functional relationship between condensin and 
SMC5/6 that is specific to meiotic resumption. 
It has been shown that condensin and TOP2A activities are coordinated to ensure 
efficient chromosome condensation, sister chromatid decatenation and subsequent 
segregation in budding yeast (Leonard et al., 2015, Charbin et al., 2014). Based on the 
collective observations made using human and mouse systems it is proposed that the 
aberrant localization of condensin observed in Smc5 mutant oocytes results in the loss of 
coordination between condensin and TOP2A, leading to an inhibition of chromosome 
resolution during meiosis (Fig. 8B). 
 
Conclusion 
The data demonstrate that SMC5/6 levels diminish in oocytes as mice age, 
leading to increased incidence of chromosome missegregation during meiosis (Fig. 
3.8A). Furthermore, Smc5 is a maternal-effect gene and its expression during oocyte 
maturation is critical for early stages of embryogenesis (Fig. 3.8A). The SMC5/6 
complex ensures that chromosomes are accurately resolved and segregated during female 
meiosis (Fig. 3.8B), and influences the localization of condensin, and based on published 
work this likely affects the function of TOP2A. Like cohesin and condensin, the SMC5/6 
complex is critical to chromosome integrity in oocytes following their long arrested state. 
Protein levels of SMC5/6 components in oocytes are diminished in aging mice, 
suggesting that SMC5/6 levels are correlated with age-related oocyte and embryo 
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chromosomal abnormalities. These data present the possibility that genetic and 
expression variations of SMC5/6 components are linked with fertility differences 
between individuals and defects may cause premature ovarian failure. 
 
Materials and methods 
All mice were bred at The Jackson Laboratory (JAX, Bar Harbor, ME) and Johns 
Hopkins University (JHU, Baltimore, MD) in accordance with the National Institutes of 
Health and U.S. Department of Agriculture criteria and protocols for their care and use 




Mice harboring Smc5 with a floxed exon 4 (designated Smc5flox) and deleted exon 
4 (designated Smc5del) were previously described (Pryzhkova and Jordan, 2016b). 
Heterozygous Smc5del mice were bred to mice harboring the Zp3-Cre transgene 
(C57BL/6-Tg(Zp3-cre)93Knw/J), which resulted in progeny heterozygous for the Smc5del 
allele and hemizygous for the Zp3-Cre transgene (Smc5+/del, Zp3-Cre tg/0). Male 
Smc5+/del, Zp3-Cre tg/0 mice were bred to homozygous Smc5flox female mice to derive 
Smc5 cKO (Smc5flox/del, Zp3-Cre tg/0) and control (Smc5+/flox, Zp3-Cre tg/0) genotypes. 
The Smc5flox/del genotype was used as an additional control. The same mating strategy was 
employed to create the male Smc5flox/del, Hspa2-Cre tg/0 cKO mice, using mice harboring 






Primers used are described in Figure 2 and Table S1. PCR conditions: 90°C for 2 
min; 30 cycles of 90°C for 20 sec, 58°C for annealing, 72°C for 1 min. 
 
Oocyte harvesting, culture and IVF 
Female mice were injected intraperitoneally with 5 IU of equine chorionic (eCG; 
Sigma) to stimulate ovarian follicle development. GV-staged oocytes were harvested 
from ovaries 44 to 48 hrs later. Oocytes were cultured in MEMα medium supplemented 
with 5% fetal bovine serum (FBS; Gibco), and 3 mg/ml bovine serum albumin (BSA; 
Sigma-Aldrich). To harvest oocytes at metaphase II (MII) stage, mice were injected 
intraperitoneally with 5 IU of eCG (Sigma) and then with human chorionic gonadotropin 
(hCG; Sigma) 44-48 hrs later. After 15-16 hrs, MII oocytes were harvested from the 
ampulla of the oviduct. Ovulated oocyte-cumulus cell complexes were exposed to 300 
IU/mL of hyaluronidase (Sigma) in MEMα medium supplemented with 3 mg/ml BSA to 
denude oocytes of surrounding cumulus cells. 
For GVBD analysis, oocytes were harvested into MEMα medium supplemented 
with 5% FBS, 3 mg/ml BSA and 200 µM IBMX (Sigma-Aldrich). The oocytes were then 
washed and cultured in MEMα medium supplemented with 5% FBS, 3 mg/ml BSA and 
assessed for GVBD. 
For IVF studies, eCG primed oocytes were first cultured in MEMα medium 
supplemented with 5% FBS, 3 mg/ml BSA and 2.5 µl EGF (10ng/ml; Epidermal Growth 
Factor) overnight. Following hyaluronidase treatment (Sigma), oocytes with a polar body 
indicative of progression to MII were counted. Oocytes were washed and cultured in 
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MEMα medium supplemented with 3 mg/ml BSA and 10 µl of sperm extracted from an 
adult male mouse epididymis. Following IVF oocytes were washed and cultured in 
KSOM media and observed each day to assess embryogenesis. 
For monastrol treatment MII oocytes were incubated in 10 mM monastrol 
(Sigma-Aldrich) in MEMα medium for 1.5 hrs at 37°C. Oocytes were washed in MEMα 
medium prior to fixation. 
All cultures were incubated at 37°C in a 5% CO2, 5% O2 and 90% N2 atmosphere. 
 
Microscopy 
Prophase-stage oocyte chromatin spreads, whole-oocyte and embryo mounts, MII 
chromosome spreads for chromosome number counts, as well as MI and MII 
chromosome spreads for immunofluorescence microscopy analyses were performed 
using techniques previously described (Susiarjo et al., 2009a). Primary antibodies used 
and dilutions are listed in Table S2. Secondary antibodies against mouse, rabbit, and 
human IgG and conjugated to Alexa 488, 568 or 633 (Life Technologies) were used at 
1:500 dilution. Oocytes were then mounted with Vectashield + DAPI medium (Vector 
Laboratories) or Clearmount (Invitrogen). DNase I treatment, chromatin spreads were 
treated with 100 U/ml of DNase I in DNaseI buffer (1% BSA, 10 mM MnCl2, 1 mM 
CaCl2, 50 mM Tris pH 7.5) for 1 hour at 37oC prior to staining. 
Images were captured using a Zeiss Cell Observer Z1 linked to an ORCA-Flash 
4.0 CMOS camera (Hamamatsu) and analyzed with the Zeiss ZEN 2012 blue edition 










Supplemental Table 3.1. Primers used in this study 





Smc5 ACTCAGTCTCACACGGCAAG ATCCTTCCCACCTTGGAAAC 



















Supplemental Table S3.2. Antibodies used in this study     





CREST (CEN) Human 
Antibodies 
Incorporated 15-235 1:50 
 
Histone H4 dimethyl 
K20, trimethyl K20 
(H4K20) Mouse Abcam ab78517 1:500 
 




MLH1 Mouse Thermo Fisher MA5-15431 1:100 
 Nexilin Mouse Sigma SAB4200124 
 
1:2000 
NSMCE1 Rabbit Abcam ab66956 1:100 
 




















Biologicals NBP1-86635 1:50 
 







SMC6 Rabbit Abcam ab18039 
1:200 to 
1:500 1:20,000  
SMC6 Rabbit Abcam ab155495 1:500 
 SYCP3 Mouse Santa Cruz sc-74569 1:50 
 Topoisomerase II α 
(TOPOII) Rabbit Abcam ab109524 1:100 
 





Western blot analyses 
Protein lysate from eCG primed oocytes were isolated from C57BL6/J mice using 
methods previously described (Marangos, 2016). Protein extracts containing 150 oocytes 
were run on 4-15% gradient SDS PAGE gels (Bio-Rad) and transferred to PVDF 
membranes. Primary antibodies and dilutions used are presented in Table S2. At a 
1∶10,000 dilution, goat anti-mouse and goat anti-rabbit horseradish peroxidase-
conjugated antibodies (Invitrogen) were used as secondary antibodies. Antibody signal 
was detected via treatment with Bio-Rad ECL western blotting substrate and captured 
using Syngene XR5 system. Protein levels were assessed using Image J (NIH). 
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CHAPTER IV  
DEPLETION OF SMC5/6 SENSITIZES MALE GERM CELLS TO DNA 
DAMAGE 
 
This chapter has been submitted to PLOS Genetics, [Hwang G., Gaddipati H., Pryzhkova 
M.P., Verver D.E. , Handel M.A., Hamer G., and Jordan P.W.(under review)] and is 
reproduced here with minor edits. Hima Gaddipati and Dr. Marina Pryzhkova generated 
the MEF results, and histological analysis was done in collaboration with Dr. Dideke 




Mammalian spermatogenesis encompasses all events that lead to transformation 
of spermatogonia into elongated spermatids. During mammalian spermatogenesis, 
spermatogonial stem cells self-renew or differentiate into cells that are able to enter 
meiosis. During meiotic entry, replicated chromosomal DNA is subjected to SPO11-
induced double-strand breaks (DSBs). These DSBs are primarily repaired via 
recombination between homologues within the context of a proteinaceous complex 
known as the synaptonemal complex (SC). When recombination is complete the SC is 
disassembled and homologues segregate during meiosis I. Sister chromatids remain 
associated until meiosis II, and the resulting haploid spermatids undergo differentiation to 
ultimately form motile sperm. Male meiosis is uniquely characterized by the presence of 
the heteromorphic X and Y chromosomes that lack homology to one another with the 
exception of a short 0.7Mb stretch of DNA called the pseudo-autosomal region (PAR) 
(Kauppi et al., 2013). During mid-prophase, when the autosomes are fully synapsed, only 
the PAR of the X-Y chromosome synapses and the X-Y chromatin is remodeled into a 




Structural maintenance of chromosome complexes (SMC) are conserved 
multiprotein complexes expressed in mitotic and meiotic cells and are involved in 
ensuring genome integrity. There are three classes of SMC complexes expressed in 
mammals, cohesin, condensin and the SMC5/6 complex. Each SMC complex is 
comprised of two SMC proteins that interact with one another at their central hinge 
domains, and each protein folds back on itself via large coiled coil domains emanating 
from the hinge (Murray and Carr, 2008). The juxtaposed N and C termini of each SMC 
protein form ATPase domains. The ATPase domains of the SMC5 and SMC6 
heterodimer are bridged by a kleisin protein, NSMCE4, together with the E3 ubiquitin 
ligase NSMCE1 and the MAGE domain containing protein, NSMCE3(Doyle et al., 
2010a). Additionally, NSMCE2 is an SUMO E3 ligase component of the SMC5/6 
complex, which interacts with the coiled-coil region of SMC5 (Doyle et al., 2010a, Potts 
and Yu, 2007b, Zhao and Blobel, 2005a). 
The functions of cohesin and condensin during meiosis have been studied using 
various model organisms, including budding yeast, fission yeast, worms and mouse. 
Cohesin is required to ensure repair of SPO11-induced DSBs, SC formation between 
homologues and maintenance of sister chromatid cohesion (Klein et al., 1999, Severson 
and Meyer, 2014, Hopkins et al., 2014a, Ward et al., 2016, Revenkova et al., 2004, 
Hodges et al., 2005, Herran et al., 2011, Bannister et al., 2004, Xu et al., 2005, Caburet et 
al., 2014, Llano et al., 2014, Winters et al., 2014, Biswas et al., 2016, Watanabe and 
Nurse, 1999, Sakuno and Watanabe, 2009, Phadnis et al., 2015). It has been demonstrated 
that condensin is required for DSB formation and repair, normal chromosome 
compaction, and biorientation of sister chromatids during meiosis (Mets and Meyer, 
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2009, Houlard et al., 2015a, Brito et al., 2010, Lee et al., 2011). Researchers have used 
budding yeast, fission yeast and worms to assess the requirements of the SMC5/6 
complex during meiosis (Verver et al., 2016a). The studies using yeast demonstrated that 
the SMC5/6 complex facilitates the resolution of joint molecules between homologous 
chromosomes prior to meiosis I (Wehrkamp-Richter et al., 2012a, Copsey et al., 2013a, 
Xaver et al., 2013, Lilienthal et al., 2013a). Chromosome fragmentation was observed 
during meiosis in worm mutants of the SMC5/6 complex (Bickel et al., 2010, Hong et al., 
2016). Localization of the SMC5/6 complex during mouse spermatogonial differentiation 
and meiosis has been reported (Gomez et al., 2013, Verver et al., 2013b). Based on these 
studies, the SMC5/6 complex was implicated to have roles at the pericentromeric 
heterochromatin, the SC and the sex body. However, using primary spermatogonia in 
culture, it was found that SMC5/6 subunit NSMCE2 is dispensable for spermatogonial 
differentiation (Zheng et al., 2017). 
To further assess the roles of the SMC5/6 complex during spermatogenesis, we 
created a Smc5 conditional knockout (cKO) mouse model. We conditionally mutated the 
Smc5 gene using three germ cell specific Cre recombinase transgenes, Stra8-Cre, Spo11-
Cre and Hspa2-Cre, which mutated Smc5 prior to meiotic entry, during early meiotic 
stages and during mid-meiotic stages, respectively (Sadate-Ngatchou et al., 2008, 
Lyndaker et al., 2013, Inselman et al., 2010). Despite efficient mutation of the Smc5 cKO 
allele and corresponding protein depletion of SMC5/6 components, Smc5 cKO mutant 
mice were fertile. Additionally, the Smc5 cKO mutant mice did not display 
recombination defects or an inability to segregate chromosomes during meiosis. We 
observed a decrease in pre-leptotene spermatocyte number in the Smc5, Stra8-Cre cKO 
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mice; however, we did not observe any testicular abnormalities in the Smc5, Spo11-Cre 
and Smc5, Hspa2-Cre cKO mice. To determine the impact of Smc5 cKO in the face of 
DNA damage, we introduced two different forms of exogenous DNA damage; ionizing 
radiation and etoposide. Both exposures caused an increase in enlarged round spermatids, 
which commonly harbored two acrosomes and displayed evidence of supernumerary 
chromosome content, indicative of aberrant meiotic divisions. From our observations, we 
propose that low levels of the SMC5/6 complex are sufficient to allow normal meiotic 
progression in the mouse. However, higher levels of the SMC5/6 complex are required 
when meiotic DNA processing events are perturbed by exogenous sources of DSBs. 
Results 
Conditional mutation of Smc5 via germ cell-specific Cre recombinase expression 
We produced mice with a conditional knockout (cKO) allele for Smc5 (Smc5 
flox), in which the 4th exon is flanked by Cre-recombinase target loxP sites (Fig. 4.1A, 
see Materials and Methods). Cre-mediated deletion of the 4th exon results in a null allele 
of Smc5 (Smc5 del). Mice with this allele were obtained only as heterozygotes, 
demonstrating that Smc5 is essential for life.  Mice heterozygous for the Smc5 del allele 
showed no visible morphological abnormalities during development and adult life. 
Therefore, we used Smc5 flox/del mice as controls and Smc5 flox/del mice that also 
harbored a germ cell-specific Cre transgene as our cKO animals (Fig. 4.1B). As an 
additional control, we assessed mice with a single floxed Smc5 allele (Smc5 +/flox) and 
the germ-cell specific Cre transgene. Stra8-Cre, Spo11-Cre and Hspa2-Cre transgenes 
were used in this study. Stra8-Cre is first expressed at 3 days post-partum, in 
spermatogonia through to pre-leptotene stage spermatocytes (Sadate-Ngatchou et al., 
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2008). Spo11-Cre is expressed as early as 10 days post-partum which corresponds to 
early prophase, pre-leptotene/leptotene stage, spermatocytes (Lyndaker et al., 2013). 
Hspa2-Cre is expressed by 14 days post-partum, corresponding to mid-prophase, 
zygotene/pachytene stage, spermatocytes (Inselman et al., 2010). 
We assessed the fertility, litter size and Cre recombination efficiency of our cKO and 
control male mice by mating to wild-type C57BL6/J female mice (Table 4.1). The Smc5 
flox/del control resulted in an average litter size of 7.6 pups, and the expected distribution 
of the flox and del alleles. The Smc5 flox/del, Stra8-Cre cKO mice were fertile, and 
produced litter sizes equivalent to the control. Almost all pups obtained from the Smc5 
flox/del, Stra8-Cre cKO males harbored the Smc5 del allele. However, the Smc5 flox 
allele was observed in 6% of the progeny (N = 94 pups). The Smc5 flox/del, Spo11-Cre 
cKO and Smc5 flox/del, Hspa2-Cre cKO males were also fertile, with 15% and 2% of 
their pups harboring the Smc5 flox allele, respectively (N = 40 pups for Spo11-Cre, and N 
= 65 pups for Hspa2-Cre). 
 
Conditional mutation of Smc5 results in destabilization of the SMC5/6 complex 
Although the recombination efficiency of the Smc5 flox allele mediated by Stra8-
Cre, Spo11-Cre and Hspa2-Cre expression was not 100%, we observed a pronounced 
decrease in SMC5 protein levels when assessing crude germ cell extracts via western blot 
(Fig. 4.1C; Fig. S4.1A). Moreover, the drop in SMC5 protein levels was accompanied by 
a drop in protein levels for other SMC5/6 components. This demonstrates that SMC5 is 
essential for the stability of the SMC5/6 complex. Interestingly, we observed a decrease 





Table 4.1: Analysis of fertility, litter size, and Cre excision efficiency   
  Offspring  
Strain Smc5+/flox Smc5+/del Total 
♂ Smc5flox/del  51% 49% 191 pups 




 ♂ Smc5flox/del, Stra8-Cre 6% 94% 94 pups 




 ♂ Smc5flox/del  50% 50% 52 pups 




 ♂ Smc5flox/del, Spo11-Cre 15% 85% 40 pups 




 ♂ Smc5flox/del  49% 51% 104 pups 




 ♂ Smc5flox/del, Hspa2-Cre 2% 98% 65 pups 











The levels of the NSMCE1 and NSMCE4 proteins were reduced, but not to the same 
extent as the other SMC5/6 components. This difference could be attributed to their 
stabilization within the NSMCE1, 3, 4 trimer sub-complex, and there is evidence to 
suggest that these proteins have functions independent to the SMC5/6 complex 
(Kozakova et al., 2015, Hudson et al., 2011, Palecek et al., 2006a). Alternatively, this 
observation may be due to differences in individual protein turnover rates. 
We observed the most robust depletion of SMC5/6 components using the Stra8-Cre 
transgene (Fig. 1C; Fig. S1A). To further confirm this depletion, we isolated early 
prophase (leptotene/zygotene stage), mid to late prophase (pachytene/diplotene stage) 
spermatocytes, and round spermatids using the STA-PUT density gradient germ cell 
purification method (La Salle et al., 2009). The Cre recombination efficiency of the Smc5 
flox allele was assessed via PCR (Fig 4.1D). Protein levels of each SMC5/6 component 
was substantially decreased in Smc5 flox/del, Stra8-Cre germ cells, complementing the 
results obtained from the whole germ cell extracts (Fig. 4.1E; Fig. S4.1B). Finally, using 
immunofluorescence microscopy, we assessed the localization of SMC5/6 subunits on 
chromatin spread preparations (Fig. 4.2, Table 4.2).  From these analyses, we found that 
most antibodies raised against SMC5/6 components detected a signal at the sex body 
during pachynema. A subset of SMC5/6 antibodies (SMC6, NSMCE1, NSMCE4) 
detected signal at the pericentromeric heterochromatin, and one SMC6 antibody detected 
signal along the SC. Analysis of pachytene stage chromatin spreads from the Smc5 
flox/del, Stra8-Cre cKO mice, revealed that the localization of SMC5/6 components was 
diminished at the sex body. However, the localization to the pericentromeric 








Figure 4.1. Conditional mutation of Smc5 via germ cell-specific Cre recombinase 
expression does not affect fertility but causes destabilization of the SMC5/6 complex. 
(A) Schematic of mouse Smc5 floxed allele containing loxP sites (yellow triangle), 
flanking exon 4 (dark green box), and the resulting Smc5 deletion allele after excision of 
exon 4 by Cre recombinase. The purple round-sided rectangle represents the remaining 
Frt site following FLP-mediated recombination of the original conditional ready tm1a 
allele [58]. (B) Germ-cell specific Cre recombinase expression timeline. Black lines 
indicate when the corresponding Cre is first expressed. (C) Protein extracts from crude 
germ cell isolates from control, Smc5 cKO (Stra8-Cre), Smc5 cKO (Spo11-Cre), and 
Smc5 cKO (Hspa2-Cre) were loaded on a 4-15% SDS PAGE gradient gel and assessed 
for SMC5, SMC6, NSMCE1, NSMCE2, and NSMCE4 protein levels. α-Tubulin was 
used as the loading control. Protein levels of SMC5/6 components are reduced in all 
Smc5 cKO extracts compared to controls. (D,E) Spermatocytes were purified via STA-
PUT into specified prophase substages: leptotene/zygotene (L/Z), pachytene (P), and 
round spermatid (RS). Spermatocytes were isolated from Smc5 flox/del (control) and 
Smc5 flox/del, Stra8-cretg/0 (Smc5 cKO). (D) DNA agarose gel image of PCR products 
for genotyping, showing efficient deletion of the Smc5 floxed exon 4 via Cre 
recombination. Lane 1 and 2 represent Smc5 flox/del, without Cre recombinase: 763 bp 
del allele, 563bp and 644bp flox allele. Lane 3 and 4 represent Smc5 flox/del with Cre 
recombinase: 763 bp del allele. Mouse embryonic stem cells were used as a control 
(mESC). (E) Protein extracts isolated from STA-PUT purified spermatocyte and round 
spermatids were loaded on a 4-15% SDS PAGE gradient gel and assessed for SMC5, 
SMC6, and NSMCE2. α-Tubulin was used as the loading control. Protein levels of SMC5 




















Conditional mutation of Smc5 by Stra8-Cre results in depletion of pre-leptotene 
spermatocytes 
 
To determine phenotypes of the cKO mice, the testis weight and tubule 
morphology were assessed. The Smc5 flox/del, Stra8-Cre cKO mice had a 15% reduction 
in testis weight compared to controls (Fig. 4.3A, B). The Smc5 flox/del, Spo11-Cre or 
Smc5 flox/del, Hspa2-Cre cKO mice did not show a difference in testis weight compared 
to controls (Fig. S4.2A-B and D-E), and furthermore, tubule cross sections from these 
mice showed no evidence of germ cell abnormalities (Fig. S4.2C, F). In contrast, tubule 
cross sections of adult Smc5 flox/del, Stra8-Cre cKO mice showed that many tubules 
were deficient for one or more germ cell-subtypes (Fig. 4.3C, D). Close analysis of PAS 
stained cross sections revealed that the depletion of germ cells occurred at the pre-
leptotene stage of spermatogenesis (Fig 4.3E, F). A- and B-type spermatogonia were not 
affected in these cKO mice. Moreover, there were clear signs of spermatogenesis 
recovery within the tubule sections, indicating the presence of functional spermatogonial 
stem cells, and undifferentiated spermatogonia that were detected by LIN28 expression 
(Fig. 4.3F). To support our analysis, we assessed PCNA signal to determine the number 
cells actively undergoing DNA replication per tubule (Fig. 4.3G). We observed a 
significant decrease in PCNA positive cells per tubule in the Smc5 flox/del, Stra8-Cre 
cKO, which supports our initial observation that disappearance  of germ cells occurred 
during the pre-meiotic S-phase (pre-leptotene) (Fig. 4.3H). In addition, TUNEL staining 
demonstrated an increase in apoptosis in the Smc5 flox/del, Stra8-Cre cKO mice (Fig. 





Table 4.2. Summary of localization pattern observed using antibodies for 
different SMC5/6 components during pachynema 
Antibody Information Localization Pattern 












Antibodies             
rab α SMC5 Novus 100-469 no yes no no sex body staining 
rab α SMC5 Abcam ab18038 no yes no no sex body staining 
rab α SMC5 Santa 
Cruz 
sc-134544 no yes no no sex body staining 
rat α SMC5 Neobiolab AP6962B no yes no no sex body staining 
rab α SMC5 Thermo PA5-30460 Did not show specific staining 
pattern 
NA 
rab α SMC5 Novus NBP2-
20419 
Did not show specific staining 
pattern 
NA 
rab α SMC5 GeneTex GTX11566
9 





      
rab α SMC6 Abcam ab18039 yes yes no less sex body staining 
(only on PCH) 
rab α SMC6 Abcam ab155495 no yes no no sex body staining 
gp α SMC6 Geert 
Hamer 
Lab 
GH no yes no no sex body staining 
rab α SMC6 Alan R. 
Lehmann 
Lab 
ARL no yes yes no sex body staining 
NSE 
Antibodies 
      
rab α NSE1 Abcam ab66956 yes yes no less sex body staining 
mouse α 
NSE1 
Abcam ab168578 no yes no less sex body staining 




no yes no no sex body staining 
rab α NSE4a Abcam ab178898 yes no no no difference 
rat α NSE4a NeoBiola
b 
























Figure 4.2. Conditional mutation of Smc5 via Stra8-Cre causes depletion of SMC5/6 
subunits at the sex body. (A-C) Pachytene stage chromatin spread preparations 
immunolabeled with antibodies against CEN (blue, kinetochore/centromere marker), the 
SC lateral element protein SYCP3 (red), and corresponding SMC5/6 subunits (green). 
SMC5/6 subunits are depleted at the sex body (circle) in the Smc5 cKO (Stra8-Cre) 
chromatin spreads. Scale Bar: 10 m.  (A) Chromatin spread preparations immunolabled 
with four different antibodies against SMC5 (Novus 100-469, sc-134544, ab18038, and 
AP6962B). (B) Chromatin spread preparations immunolabled with four different 
antibodies against SMC6 (Alan Lehmann, Geert Hamer, ab18039, and ab155495). (C) 
Chromatin spread preparations immunolabled with two different antibodies against 























Supplemental Figure 4.2: Smc5 flox/del, Spo11-Cre or Smc5 flox/del, Hspa2-Cre cKO 
mice did not show a difference in testis weight compared to controls. (A) Testis of 
adult control (Smc5 +/flox, Spo11-cretg/0) and Smc5 cKO (Smc5 flox/del, Spo11-cretg/0) 
mice. (B) Assessment of testis to body rate ratio (mg/mg) of adult control (n=4, mean= 
0.39) and Smc5 cKO (Spo11-Cre) (n=4, mean= 0.40) mice. Bars indicate average and 
standard error. The P value (Mann-Whitney, two-tailed) for the indicated comparison is 
not significant (n.s.). (C) Examples of tubule cross sections of testes from adult control 
and Smc5 cKO (Spo11-Cre) mice stained with hematoxylin and eosin. Smc5 cKO 
(Spo11-Cre) tubules are indistinguishable from controls. Scale bar: 500 μm. (D) Testis of 
adult control (Smc5 +/flox, Hspa2-cretg/0) and Smc5 cKO (Smc5 flox/del, Hspa2-cretg/0) 
mice. (E) Assessment of testis to body rate ratio (mg/mg) of adult control (n= 8, average= 
0.35) and Smc5 cKO (Hspa2-Cre) (n=6, average= 0.33) mice. Bars indicate average and 
standard error. The P value (Mann-Whitney, two-tailed) for the indicated comparison is 
not significant (n.s.).  (F) Examples of tubule cross sections of testes from adult control 
and Smc5 cKO (Hspa2-Cre) mice stained with hematoxylin and eosin. Smc5 cKO 

















Figure 4.3. Conditional mutation of Smc5 via Stra8-Cre results in depletion of pre-
leptotene spermatocytes. (A) Testis of adult control and Smc5 cKO (Stra8-Cre) mice. 
(B) Assessment of adult testis to body weight ratio (mg/mg), whereby Smc5 cKO (Stra8-
Cre) (n=7, mean=0.31) ratios are decreased compared to control (n=11, mean= 0.36). 
Bars indicate mean and standard error. The P value (Mann-Whitney, two-tailed) for the 
indicated comparison is significant, P<0.05 (*). (C) Bar graph assessing average tubule 
diameter found in control (205.8 μm) and Smc5 cKO (179.1 μm) testes with bars 
indicating standard error. The P value (Mann-Whitney, two-tailed) for the indicated 
comparison is significant, P<0.0001 (***). (D) Tubule cross sections of testes from adult 
control and Smc5 cKO mice stained with hematoxylin and eosin. The three cross sections 
displayed for Smc5 cKO demonstrate the varied tubule morphology observed. Scale bar: 
50 μm. (E) Periodic acid-Schiff staining of tubule cross sections from control and Smc5 
cKO testes. Black arrows mark pre-leptotene spermatocytes that are missing in Smc5 
cKO mice. Scale bar: 50 μm. (F) Periodic acid-Schiff staining of tubule cross sections 
from control and Smc5 cKO testes. Undifferentiated spermatogonia (brown) were 
detected using an antibody against LIN28. Scale bar: 50 μm. (G) Hematoxylin and eosin 
staining of tubule cross sections from adult control and Smc5 cKO mice testes. Actively 
replicating, pre-meiotic cells are marked with PCNA (brown). Scale bar: 50 μm. (H) 
Scatter dot-plot graph showing the reduction of PCNA positive cells per tubule cross 
section in adult Smc5 cKO (n=78, mean= 32.9) compared to control (n=66, mean= 48) 
testes. Bars indicate mean and standard error. The P value (Mann-Whitney, two-tailed) 
for the indicated comparison is significant, P<0.0001 (***). (I) Graph showing increased 
counts of TUNEL positive (apoptotic) cells per tubule in adult Smc5 cKO testes 
compared to control. The P value (Mann-Whitney, two-tailed) for the indicated 











spermatogonia and pre-leptotene spermatocytes from prophase I stages of 
spermatogenesis. The Smc5 flox/del, Stra8-Cre cKO displayed a decrease in DAZL 
positive, SYCP3 negative cells and, consequently, this decrease appeared even greater in 
the DAZL and SYCP3 positive prophase I cells (Fig. S4.3). To complement these data, 
we also assessed tubule cross sections of juvenile mice undergoing the first wave of 
spermatogenesis. These analyses showed depletion of germ cells, increased apoptosis (via 
TUNEL staining), and decreased PCNA positive cells per tubule in Smc5 flox/del, Stra8-
Cre cKO mice (Fig. 4.4A-C).  
We hypothesized that the subset of pre-leptotene stage spermatocytes are 
undergoing apoptosis due to spontaneous errors during pre-meiotic DNA replication. 
However, pre-lepotene stage spermatocytes are difficult to isolate for culture to enable 
assessment of DNA replication errors. Therefore, we decided to complement our 
observations using immortalized mouse embryonic fibroblasts (MEFs), which allow for 
4-OH tamoxifen-induced conditional mutation of Smc5 (Fig. 4.5A,B). We reasoned that 
if SMC5/6 is required for DNA replication fork stability, then cells depleted for SMC5/6 
would be sensitive to replication perturbation. We treated cultured MEFs in the presence 
of hydroxyurea, which impedes DNA synthesis by depleting dNTPs via inhibition of 
ribonucleotide reductase (Yarbro, 1992). We determined that hydroxyurea treatment, 
following the depletion of SMC5/6, results in increased numbers of micronuclei, DNA 
bridges and lagging chromosomes (Fig. 4.5 C-E). In yeast, it has been shown that 
absence of the SMC5/6 complex can lead to replication fork instability, inefficient 
replication restart and formation of aberrant recombination intermediates (Murray and 
Carr, 2008). Therefore, we counted RAD51 foci to indicate the number of recombination 
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events per cell. Depletion of SMC5/6 was correlated to increased RAD51 foci, suggesting 
that replication fork collapse and recombination intermediates occurred more 
predominantly in the Smc5 cKO MEFs compared to controls (Fig. 4.5F and G). 
 
Conditional mutation of Smc5 does not result in abnormal meiotic progression in mouse 
Although we see loss of a subset of pre-leptotene stage primary spermatocytes in 
Smc5 flox/del, Stra8-Cre cKO mice, there are elongated spermatids in the testes, and the 
mice are fertile, producing in viable progeny (Fig. 4.3, Table 4.1). Because meiotic 
recombination and chromosome segregation defects have been reported for SMC5/6 
mutant yeast and worms, we assessed meiotic progression in our Smc5 cKO mutants 
(Wehrkamp-Richter et al., 2012a, Copsey et al., 2013a, Xaver et al., 2013, Bickel et al., 
2010, Hong et al., 2016). The distribution of meiotic prophase stages analyzed was not 
different between the Smc5 flox/del, Stra8-Cre cKO and control (Fig. 4.6A,B). SC 
morphology and SC disassembly, together with sex body formation in the Smc5 flox/del, 
Stra8-Cre cKO were equivalent to the control (Fig. 4.6A, Fig. S4.4). We did not observe 
any defects with respect to DNA repair as assessed by yH2AX staining (Fig. 4.6A). We 
analyzed RAD51/DMC1 foci at pachytene stage and determined that the numbers were 
comparable between the control and cKO mice, including on the X-Y chromosome axes 
(Fig. 4.6C-F). Assessment of MLH1 foci indicated that there was no alteration in CO 
frequency (Fig. 4.6G, H). Additionally, there was no morphological differences between 
metaphase I chromosomes from Smc5 flox/del, Stra8-Cre cKO or control spermatocytes 
(Fig. 4.6I). The SMC5/6 complex colocalizes with TOP2A at the pericentromeric 








Figure 4.5. Conditional mutation of Smc5 in MEFs results in hypersensitivity to 
hydroxyurea and etoposide. (A) PCR analysis of Smc5 cKO (Smc5 flox/del, Cre-ERT2) 
and control (Smc5 +/flox, Cre-ERT2) immortalized MEFs showed efficient deletion of 
floxed DNA fragment. Shown are untreated cells (Unt) and MEFs after 3, 6 and 9 days of 
4-OH TAM treatment. (B) Western blot analysis revealed efficient depletion of SMC5 
and SMC6 in Smc5 cKO MEFs after 3 days of 4-OH TAM treatment, but not in control 
MEFs. (C) Following 6 days of culture in the presence or absence of 4-OH TAM (TAM), 
Smc5 cKO and control MEFs were treated with hydroxyurea for 24 hours. The Smc5 
cKO MEFs treated with 4-OH TAM and hydroxyurea displayed a significant increase of 
cells containing micronuclei (N = 100 nuclei per condition, repeated 3 times). Based on 
Chi-square test; P value < 0.0001 (***). (D) Examples of DNA morphology observed 
following hydroxyurea and etoposide treatment. DNA was stained with DAPI, and in one 
example the cell was also immunolabeled with antibodies for a kinetochore/centromere 
marker (CEN, red) and alpha-tubulin (α-Tub, green). (E) The Smc5 cKO MEFs treated 
with 4-OH TAM and hydroxyurea displayed a significant increase of mitotic cells with 
lagging chromosomes and DNA bridges (N = 100 nuclei per condition, repeated 3 times). 
Based on paired, two-tailed t-tests, P values < 0.0001 (***) when comparing DNA 
bridges and lagging chromosomes observed for Smc5 cKO in the presence of 4-OH TAM 
to the other three conditions. (F) The Smc5 cKO MEFs treated with 4-OH TAM and 
hydroxyurea displayed a significant increase in RAD51 foci counts (N = 50 nuclei per 
condition). Based on Mann-Whitney, two-tailed t-test, P value < 0.0001 (***) when 
comparing RAD51 foci numbers for Smc5 cKO in the presence of 4-OH TAM to the 
other three conditions. (G) Example images of RAD51 foci (red) observed following 
hydroxyurea treatment for Smc5 cKO and control MEFs in the presence and absence of 
tamoxifen. DNA was stained with DAPI. (H) Following 6 days of culture in the presence 
or absence of 4-OH TAM (TAM), Smc5 cKO and control MEFs were treated with 
etoposide for 12 hours (N = 100 nuclei per condition, repeated 3 times). The Smc5 cKO 
MEFs treated with 4-OH TAM and etoposide displayed a significant increase of mitotic 
catastrophe and nuclear fragmentation. Based on paired, two-tailed t-tests, P values < 
0.0001 (***) when comparing mitotic catastrophe and nuclear fragmentation observed 













Figure 4.6. Conditional mutation of Smc5 does not result in abnormal meiotic 
progression in male mice. (A-I) No differences were observed when comparing 
chromatin spread preparations from juvenile control and Smc5 cKO (Stra8-Cre) germ 
cells staged at prophase to metaphase I. Scale bar: 10 μm. (A) Chromatin spreads were 
immunolabeled with antibodies against γH2AX (blue), the SC lateral element protein 
SYCP3 (red), and the SC central element protein SYCP1 (green). Scale bar: 10 μm. (B) 
Bar graph showing comparable distributions of prophase stages in control and Smc5 cKO 
testes. Black bars indicate standard error. The P values (Mann-Whitney, two-tailed) for 
the indicated comparisons are not significant (n.s.). (C,E,) Chromatin spread preparations 
were immunolabeled with antibodies for the SC lateral element protein SYCP3 (red), 
CEN (kinetochore/centromere marker) and DNA repair proteins RAD51 or DMC1 
(green). (D) Scatter dot-plot graph showing RAD51 foci counts per cell on the autosomal 
chromosomes or the XY chromosome of juvenile control mice (n=74, autosomal 
average=13.22, XY mean= 7.34) and Smc5 cKO mice (n=75, autosomal mean=15.40, 
XY average=8.44). Bars indicate mean RAD51 foci number per cell with 95% 
confidence interval. The P values (Mann-Whitney two-tailed test) for the indicated 
comparisons are not significant (n.s.). (F) Scatter dot-plot graph showing DMC1 foci 
counts per cell on the autosomal chromosomes or the XY chromosome of juvenile 
control mice (n=18, autosomal mean=21.22, XY mean= 9.22) and Smc5 cKO mice 
(n=18, autosomal mean=20.50, XY mean= 8.11). Bars indicate mean DMC1 foci number 
per cell with 95% confidence interval The P values (Mann-Whitney, two-tailed) for the 
indicated comparisons are not significant (n.s.). (G) Chromatin spreads were 
immunolabeled with antibodies, the SC lateral element protein SYCP3 (red), and the 
MLH1 (crossover protein, green). (H) Scatter dot-plot graph showing no significant 
difference in the mean number of MLH1 foci per chromosome axis when comparing 
control (n= 24, mean= 1.16) and Smc5 cKO (n=25, mean= 1.14) chromosome spread 
preparations. Bars indicate the average with standard error. The P value (Mann-Whitney 
two-tailed test) for the indicated comparison is not significant (n.s.). (I) No differences 
were observed in chromatin spread preparations of control and Smc5 cKO (Stra8-Cre) 
germ cells at metaphase I after treatment with okadaic acid. Chromatin spreads were 
immunolabeled with antibodies against the SC lateral element protein SYCP3 (red), and 











(Gomez et al., 2013), reflecting the interaction between TOP2A and SMC5 and SMC6 
recently reported (Verver et al., 2016b). We did not observe loss or aberrant TOP2A 
localization at these regions during meiotic prophase or metaphase in Smc5 flox/del, 
Stra8-Cre cKO spermatocytes (Fig. S4.5). We also assessed the meiotic prophase and 
metaphase stages in the Smc5 flox/del, Spo11-Cre and Smc5 flox/del, Hspa2-Cre cKO 
and control and did not observe any defects (data not shown). 
 
Mutation of Smc5 results in increased sensitivity to exogenous DNA damage 
Results of siRNA-mediated knockdown and mutation studies using human cell 
lines reveal that depletion of the SMC5/6 complex leads to increased sensitivity to 
exogenous DNA damage, such as irradiation and etoposide exposures (Verver et al., 
2016b, Payne et al., 2014b, Wu et al., 2012). Therefore, we assessed whether Smc5 cKO 
germ cells had elevated abnormalities when exposed to gamma irradiation and etoposide. 
Ionizing radiation induces a variety of DNA lesions, with DSBs being the most harmful 
(Dexheimer, 2013). Etoposide binds to the topoisomerase II-DNA complex, which 
induces the formation of DSBs (Heisig, 2009).   
Adult Smc5 flox/del, Stra8-Cre, Smc5 flox/del, Spo11-Cre and Smc5 flox/del, 
Hspa2-Cre cKO and control mice were irradiated and assessed for defects at 5, 8 and 10 
days post-irradiation (Fig. S4.6). 5 days post-irradiation, germ cells that were in early 
pachytene stage (tubule stages I to III) at the time of irradiation will have progressed to 
late pachytene and diplotene stages, and late pachytene stage germ cells (tubule stages X 
to XII) will have developed into to round spermatids (Kent and Griswold, 2014, Ventela 







control mice (Fig. 4.7A). However, at 10 days post-irradiation, when germ cells that were 
in early pachytene stage at the time of irradiation have become round spermatids, we 
observed a marked difference between the Smc5 flox/del, Stra8-Cre cKO and control. In 
PAS stained tubule sections we observed more than a 12-fold increase in the number of 
enlarged round spermatids, commonly with two acrosome structures, a defect indicative 
of failure to segregate chromosomes during meiosis or cytokinesis failure (Fig. 4.7, Fig. 
S4.7). From analysis of tubule sections from 5, 8 and 10 days post-irradiation, we 
delineated the stages of spermatocyte development affected by irradiation. 
We determined that spermatocytes irradiated at early or mid-pachynema (Stages I to VII) 
developed into enlarged round spermatids, whereas those irradiated at late pachynema 
(Stage VIII and beyond) formed normal sized spermatids. We also observed a 2 to 3-fold 
increase in enlarged spermatids in the Smc5 flox/del, Spo11-Cre and Smc5 flox/del, 
Hspa2-Cre compared to their littermate controls (Fig. S4.7B). The reduced effect 
observed in both of these cKO models is likely due to the timing of Smc5 mutation, and 
in the case of the Spo11-Cre, reduced excision efficiency (Table 4.1). 
Most round spermatids from control and Smc5 flox/del, Stra8-Cre cKO had 
yH2AX foci colocalizing with DNA 10 days post-irradiation, which indicates that DNA 
damage remains following meiotic chromosome segregation (Fig. 4.8A). However, round 
spermatids from the control often had a single yH2AX focus (average = 0.92 per nucleus, 
range = 0-2 foci, N = 61), whereas almost half of the Smc5 flox/del, Stra8-Cre cKO round 
spermatids had more than one yH2AX focus (average = 1.7 per nucleus, range = 1-5 foci, 















Figure 4.8. Smc5 mutants show increased numbers of enlarged round spermatids 
with supernumerary centromeres after irradiation. (A) Tubule cross sections of adult 
control and Smc5 cKO (Stra8-Cre) testes 10 days post-irradiation, immunolabeled with 
antibodies against the SC lateral element protein, SYCP3 (red), H2AX (green), and 
counterstaining DNA with DAPI (blue, DNA).  Scale bar: 50 m. (B) Magnified images 
of corresponding numbered round spermatids (white squares) from A displaying DNA 
(DAPI, white) or H2AX (white) immunostaining. Round spermatids 3 to 6 are enlarged, 
and spermatids 4-6 display increased H2AX foci. Scale Bar: 50 m. (C) Example of 
round spermatids from control and Smc5 cKO observed 10 days post-irradiation. 
Spermatids were immunolabeled with an antibody for CEN (kinetochore/centromere 
marker, red) and stained with Lectin PNA-AF488 conjugate to mark the acrosome 
(green) and DAPI to detect the DNA (blue). Spermatid DNA is bordered with white dash 
lines. Smc5 cKO round spermatid has two groups centromere bodies within one 
chromatin body and a supernumerary centromere count. Scale bar: 5 μm (D) Graph 
showing counts of CEN (kinetochore/centromere marker) in control and Smc5 cKO testes 
10 days post-irradiation. Smc5 cKO mice have increased incidences of round spermatids 
with supernumerary centromere counts. The P value (Mann-Whitney, two-tailed) for the 













aberrant or not as efficient in Smc5 flox/del, Stra8-Cre cKO spermatocytes compared to 
the controls. 
The Smc5 flox/del, Stra8-Cre cKO had a significant increase of spermatids with 
supernumerary chromosome number as assessed by centromere signals (Fig. 4.8B, C). 
To determine whether irradiation of the Smc5 flox/del, Stra8-Cre cKO results in failure to 
segregate chromosomes during meiosis or cytokinesis failure, we assessed irradiated 
juvenile mice that were undergoing the first wave of spermatogenesis. We observed cells 
from the Smc5 flox/del, Stra8-Cre cKO with lagging chromosomes, chromosome bridges, 
tri- or tetra-polar spindles, and abnormal chromosome condensation (Fig. 4.9A-C).  
This suggests that the enlarged spermatids observed in the Smc5 flox/del, Stra8-Cre cKO 
following irradiation are due to an inability to segregate their chromosomes during 
meiosis. 
Previous reports have shown that mutation of SMC5/6 components causes 
sensitivity to etoposide, and SMC5/6 colocalizes and interacts with topoisomerase Iiα 
(Gomez et al., 2013, Verver et al., 2016b). To determine whether the mutant germ cells 
were also susceptible to etoposide adult Smc5 flox/del, Stra8-Cre cKO and control mice 
were injected with etoposide and assessed for defects 3, 5, 8, and 10 days post-injection 
(Fig. 4.10). Etoposide exposure caused a similar phenotype as irradiation. Following 8 
days of exposure an increase in enlarged spermatids, often had two acrosomes, were 
observed. This was complemented by our observations using the Smc5 cKO MEFs. We 
observed an enhanced sensitivity to etoposide when comparing the Smc5 cKO MEFs to 






SMC5/6 – role in pre-meiotic DNA replication  
Based on our analysis of the Smc5 flox/del, Stra8-Cre cKO, we observe germ cell 
loss at the pre-leptotene stage. These cells are undergoing pre-meiotic DNA replication, 
and we propose that the SMC5/6 complex is required to ensure genomic integrity during 
this process. Depletion of the SMC5/6 complex has been shown to hinder DNA 
replication progression in human RPE-1 cells (Gallego-Paez et al., 2014, Bermudez-
Lopez et al., 2010). Upon siRNA-mediated knockdown of Smc5 or Smc6, DNA 
replication in RPE-1 cells progresses at a much slower rate, with a concomitant 
generation of replication-related DNA damage. As only a subset of pre-leptotene stage 
spermatocytes are affected in the Smc5 flox/del, Stra8-Cre cKO, we predict that the 
SMC5/6 complex is particularly important when DNA replication processes are hindered 
in some way, such as a replication fork collapse. This hypothesis is supported by our 
analysis of Smc5 cKO MEFs (Fig. 4.5A-G), and research using mutant yeast and human 
cell lines (Payne et al., 2014b, Bermudez-Lopez et al., 2010, Branzei et al., 2006, 
Ampatzidou et al., 2006). 
 
SMC5/6 – is not essential for meiosis during mammalian spermatogenesis 
Previous studies using yeast and worms implicate the SMC5/6 complex as 
important for mediating meiotic recombination events (Wehrkamp-Richter et al., 2012a, 
Copsey et al., 2013a, Xaver et al., 2013, Lilienthal et al., 2013a, Bickel et al., 2010, Hong 
et al., 2016). Therefore, it was unexpected to find no evidence that the SMC5/6 complex 
is required for mouse spermatogenesis and male fertility. Although one concern could be 
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that mutation of the floxed Smc5 allele was not efficient, genotyping data indicated that 
both Stra8-Cre and Hspa2-Cre were close to 100% efficiency in excision. The Spo11-
Cre was less efficient, but even so a mosaic meiotic phenotype would be expected. 
Furthermore, in purified primary spermatocytes and round spermatids, we confirmed the 
efficiency of Smc5 excision via PCR, as well as observed almost complete depletion of 
the SMC5 protein, and substantial loss of other SMC5/6 components. Despite the 
efficiency of the Stra8-Cre, we do not observe defects in meiotic prophase I events 
including DNA damage repair, SC formation, crossover levels, sex body formation or 
chiasmata morphology. We cannot exclude that the residual levels of the SMC5/6 
complex that remain following Cre mediated mutation of Smc5 are sufficient to allow 
proficient progression of spermatogenesis. This is supported by still observing SMC5/6 
components localizing on the chromatin of pachytene stage spermatocytes in the the 
Smc5 flox/del, Stra8-Cre cKO. In these experiments we observe the loss of SMC5/6 
components on the sex body, but signal remains enriched on the pericentromeric 
heterochromatin. SMC5/6 is already present on the pericentromeric heterochromatin in 
differentiating spermatogonia, and it is possible that the SMC5/6 complex in these 
regions remains stable throughout spermatogenesis (Verver et al., 2013b). For example, it 
has been shown that the SMC5/6 and cohesin complexes remain stably associated with 
chromatin for months following their loading during oogenesis (Hwang et al., 2017, 
Burkhardt et al., 2016). Despite the loss of SMC5/6 components at the sex body, 
following mutation of Smc5, we do not observe impairment of meiotic sex chromosome 
inactivation or any other meiotic defects. Therefore, we can conclude that following cKO 
145 
 
of Smc5 via Stra8-Cre mediated excision, Smc5 expression during spermatogenesis is not 
essential for fertility in male mice. 
 
SMC5/6 – is important for maintaining spermatocyte genome integrity following 
exogenous DNA damage 
 
As we did not observe a defect in the progression of meiosis in our Smc5 cKO 
models, we proposed that the SMC5/6 complex is not required for meiosis during 
spermatogenesis, unless DNA processing events are perturbed. To test this hypothesis, 
we used gamma irradiation and etoposide as a source to sensitize cells with DNA 
damage. Interestingly, we determined that spermatocytes staged at early and mid 
pachynema at the time of treatment were affected by irradiation and etoposide exposure, 
causing the formation of enlarged round spermatids, which had two acrosomes and 
supernumerary chromosome content. In contrast, the late pachytene stage spermatocytes 
were not affected by irradiation, and formed normal spermatids. This distinction between 
the earlier and later stages of pachynema could be explained by differing DNA template 
preference during DNA repair. At early to mid-pachytene stage, there is a mechanism 
that biases towards inter-homolog recombination over inter-sister recombination 
(Wojtasz et al., 2009, Lao and Hunter, 2010). However, this bias is lost during late 
pachynema, thus facilitating repair of DSBs via inter-sister recombination (Moens et al., 
1997, Kauppi et al., 2011). Endogenous DNA damage induced during the earlier stages 
of pachytene could result in the formation of complex joint molecules, involving multiple 
chromatids, which cannot be resolved prior to meiotic divisions. Repair of the 
endogenous DNA damage might be facilitated primarily by inter-sister repair during later 
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stages of pachytene when homolog bias is relaxed, and this would be more likely to be 
resolved. In budding yeast, the Smc5/6 complex was demonstrated to be required to 
inhibit the formation of complex joint molecules, which involve recombination 
intermediates between sisters and homologs (Copsey et al., 2013a, Xaver et al., 2013). 
Furthermore, the yeast Smc5/6 complex is required for appropriate loading of the Mus81-
Mms4/Eme1 resolvase complex to chromatin, and subsequent resolution of inter-sister 
and multiple chromatid joint molecules (Wehrkamp-Richter et al., 2012a, Copsey et al., 
2013a, Xaver et al., 2013). In mouse, the MUS81-EME1 complex is required for the 
resolution of approximately 5-10% of crossovers, which cannot be processed as 
noncrossovers by the BLM helicase (Holloway et al., 2008, Holloway et al., 2011). We 
attempted to determine whether the localization of the MUS81-EME1 complex in our 
spermatocytes was affected, however immunostaining was not successful. 
We demonstrate that Smc5 conditional mutants are sensitive to gamma irradiation 
and etoposide exposure. It has been suggested that the SMC5/6 complex regulates 
TOP2A-mediated decatenation of intertwined DNA complexes. The SMC5/6 complex 
colocalizes with TOP2A at the pericentromeric heterochromatin and centromeric regions 
during pachynema and meiotic divisions, respectively (Gomez et al., 2013). Furthermore, 
upon treatment with etoposide, SMC5/6 colocalizes with TOP2A on lagging 
chromosomes during meiosis I (Gomez et al., 2013). It was recently demonstrated that 
SMC5 physically interacts with TOP2A, using U2OS cells (Verver et al., 2016b). siRNA-
mediated depletion of SMC5 and SMC6 in human RPE-1 cells caused mislocalization of 
TOP2A away from the pericentormeric regions to the chromosome arms (Gallego-Paez et 
al., 2014). However, similar to the observations of this study, mouse TOP2A loading on 
147 
 
chromosomes during meiosis and mitosis is not dependent on SMC5/6, suggesting a 
slightly different mechanism (Hwang et al., 2017, Pryzhkova and Jordan, 2016b). 




We have determined that the depletion of the SMC5/6 complex does not lead to 
meiotic failure during mouse spermatogenesis. However, we do observe a partial loss of 
pre-meiotic germ cells, suggesting a role in proficient pre-meiotic DNA replication. We 
also demonstrate that the SMC5/6 complex is important for proficient repair of 
exogenous DNA damage in primary germ cells. From our data, we propose that the 
SMC5/6 complex acts as a DNA damage response surveillance complex. When genomic 
integrity is compromised, the SMC5/6 complex ensures that DNA repair processes are 
controlled to avoid complex recombination intermediates that would otherwise cause 
errors during chromosome segregation, and thus, infertility. 
 
 
Materials and Methods 
Animal use and care 
Mice were bred by the investigators at The Jackson Laboratory (JAX, Bar Harbor, 
ME) and Johns Hopkins University (JHU, Baltimore, MD) in accordance with criteria of 
the National Institutes of Health and U.S. Department of Agriculture. All animal 
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procedures were conducted with approval from the Institutional Animal Care and Use 
Committees (IACUC) of The Jackson Laboratory and Johns Hopkins University. 
 
Mice and Husbandry 
Creation of mice with the Smc5 flox and Smc5 del alleles was previously 
described (Hwang et al., 2017). Heterozygous Smc5 del mice were bred to mice with 
germ cell-specific Cre recombinase transgenes, Stra8-Cre (B6.FVB-Tg(Stra8-
icre)1Reb/LguJ, Stock No. 017490, JAX), Spo11-Cre (Lyndaker et al., 2013) and Hspa2-
Cre (C57BL/6-Tg(Hspa2-cre)1Eddy/J, Stock No. 008870, JAX), which resulted in 
progeny heterozygous for the Smc5 del allele and hemizygous for the germ cell-specific 
transgenes. These mice were bred to homozygous Smc5 flox mice to derive cKO (Smc5 
flox/del, Germ cell-specific Cre) and controls (Smc5 flox/del and Smc5 +/flox, Germ cell-
specific Cre) genotypes. 
For fertility testing, 8- to 12-week old cKO and control males were singly housed 
with wild-type C57BL6/J females. Pregnant females were monitored daily, and viable 
pups were counted on the first day of life. Subsequently, genotyping samples were taken 
from each pup to determine the efficiency of Cre-mediated excision of the floxed 4th exon 
of the Smc5 allele. 
 
MEF derivation and treatments 
Heterozygous Smc5 del mice were bred to mice harboring the conditional Cre-
ERT2 (B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J, JAX), which resulted in progeny 
heterozygous for the Smc5 del allele and hemizygous for the Cre-ERT2 genotype. These 
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mice were bred to homozygous Smc5 flox mice to derive Smc5 cKO (Smc5 flox/del, Cre-
ERT2) and control (Smc5 +/flox, Cre-ERT2) genotypes. Primary MEFs were obtained 
from embryos at 13.5 days post-coitum. MEF culture medium consisted of 89% DMEM 
(Invitrogen), 10% FBS (Hyclone), 1% penicillin/streptomycin (100U/100g). Standard 
NIH 3T3 protocol was used for establishing immortal MEF cell lines (Todaro and Green, 
1963). The deletion in Smc5 gene was induced by treating experimental cells with 0.2μM 
4-OH tamoxifen (Sigma H7904) (4-OH TAM). 4-OH TAM in cell culture medium was 
replenished every 2 days. Hydroxyurea and etoposide treatments were performed 
following 6 days of 4-OH TAM treatment. Replication fork stalling was induced by 
treating cells with 2mM hydroxyurea (H8627, Sigma) for 24 hours. Cells were treated 
with 15mM etoposide (E1383, Sigma) for 12 hours, then allowed to recover in MEF 
culture medium for 12 hours prior to assessment. 
 
Induction of DNA damage via irradiation  
Adult mice were irradiated with a single sub-lethal dose (5 Gy) using a 137Cs 
source (Forand et al., 2004). The mice were monitored daily before their euthanasia 5, 8, 
and 10 days following irradiation. Juvenile mice at 16 days post-partum were irradiated 
with a single sub-lethal dose (1.3 Gy) using a 137Cs source (Forand et al., 2004, Hamer 
et al., 2003). After irradiation, the mice were monitored daily before their euthanasia at 




Induction of DNA damage via etoposide  
 For etoposide assessment, adult mice were injected intraperitoneally with a single 
dose of etoposide (80 mg/kg body weight, Sigma) (Marchetti et al., 2006, Lee et al., 
1995). After injection, the mice were monitored daily before their euthanasia at 3, 5, or 8 
days after treatment. 
 
 Histological analysis and TdT-mediated dUTP nick end labelling (TUNEL) assay 
Testes were either fixed in Bouins fixative or cryo-preserved using Tissue-Tek® 
optimal cutting temperature compound (O.C.T., Sakura Finetek). Fixed tissues were 
embedded in paraffin and serial sections of 5-micron thickness were placed onto slides 
and stained with hematoxylin and eosin or Periodic acid-Schiff. For the TUNEL assay, 
sections were deparaffinized and apoptotic cells were detected using the in situ BrdU-Red 
DNA fragmentation (TUNEL) assay kit (Abcam) and counterstained with DAPI. 
Cyropreserved testes were sectioned at a 5-micron thickness in series using a Cryostat 
(Thermo Scientific CyroStar NX70). Cryopreserved testes were subsequently fixed (1% 
PFA 0.1% Triton-X in 1x PBS), and subjected to standard immunostaining procedures. 
Primary antibodies and dilution used are presented in Supplemental Table S1. Secondary 
antibodies against human, rabbit, rat, mouse and guinea pig IgG and conjugated to Alexa 






Mouse germ-cell isolation and culture 
Isolation of mixed germ cells from testes was performed using techniques 
previously described (La Salle et al., 2009, Bellve, 1993). Leptotene/zygotene and 
pachytene/diplotene stage spermatocytes and round spermatids were enriched using a 2–
4% BSA gradient generated in a STA-PUT sedimentation chamber (ProScience Inc.), as 
previously described (La Salle et al., 2009). Highly enriched pachytene stage 
spermatocytes (2.5 x 106 cells/ml) were cultured for 10 hours at 32°C in 5% CO2 in 
HEPES (25 mM)-buffered MEMa culture medium (Sigma) supplemented with 25 mM 
NaHCO3, 5% fetal bovine serum (Atlanta Biologicals), 10 mM sodium lactate, 59 mg/ml 
penicillin, and 100 mg/ml streptomycin. To initiate the G2/MI transition, cultured 
pachytene stage spermatocytes were treated with 5 mM okadaic acid (OA; Sigma). 
 
Protein analyses 
For protein level analyses, proteins were extracted from germ cells using RIPA 
buffer (Santa Cruz) containing 1× protease inhibitor cocktail (Roche). Protein 
concentration was calculated using a BCA protein assay kit (Pierce). Lanes of 4–15% 
gradient SDS polyacrylamide gels (Bio-Rad) were loaded with 20 µl of 1 mg/ml protein 
extract. For STA-PUT, 20 µl of 0.1 mg/ml protein extracts from purified 
leptotene/zygotene and pachytene/diplotene stage spermatocytes and round spermatids 
were loaded per lane on SDS polyacrylamide gels. Following protein separation via 
standard SDS PAGE, proteins were transferred to PVDF membranes using the Trans-
Blot® Turbo™ western transfer system (Bio-Rad). Primary antibodies and dilution used 
are presented in Supplemental Table S1. At a 1:5,000 dilution, goat anti-mouse (62-6520) 
152 
 
and goat anti-rabbit (A10533) horseradish peroxidase-conjugated antibodies (Invitrogen) 
were used as secondary antibodies. The presence of antibodies on the PVDF membranes 
was detected via treatment with Pierce ECL western blotting substrate (Thermo 
Scientific) and captured using the Syngene XR5 gel documentation system. Protein levels 
were assessed using Image J (NIH). 
 
Chromatin spread analyses 
Germ cell chromatin spreads were prepared as previously described (Jordan et al., 
2012), or with some modifications. Briefly, germ cells were placed in 50% hypotonic 
buffer (30mM Tris, 50mM sucrose, 17mM trisodium citrate dihydrate, 5mM EDTA, 
2.5mM DTT) for 8 minutes. The cells were then resuspended in a second hypotonic 
buffer (1:1 of PBS and 100μM sucrose).  The cell suspension was fixed using 1% PFA on 
a glass slide for 1 hour in a humid chamber. The slides were air dried for 1 hour, washed 
in 0.4% Photo-Flo (Kodak) in H2O overnight, and dried again for 30 minutes. The slides 
were immunolabelled immediately afterwards. Primary antibodies and dilution used are 
presented in Fig. S4.1. Rat-anti-SMC5 (AP6962B) and rat-anti-NSE4a (AP6962A) 
antibodies were prepared using peptide sequences, cys-PHMLEPNRWNLKAF and ys-
PKPRSDRPRQPRMIE, respectively (Neobiolabs). Secondary antibodies against human, 
rabbit, rat, mouse and guinea pig IgG and conjugated to Alexa 350, 488, 568 or 633 (Life 





Spermatocyte squash preparation 
Spermatocyte squashes were performed as previously described (Wellard SR, 
2017). Briefly, minced seminiferous tubules from 23 day old male mice were fixed in 
freshly prepared 2% formaldehyde in 1× PBS containing 0.1% Triton X-100. After 5 
min, several seminiferous tubule fragments were placed on a slide and squashed, and the 
coverslip removed after freezing in liquid nitrogen. Slides were washed with 1× PBS and 
immunostained immediately afterwards. 
 
Microscopy 
Images from chromatin spread, tubule squash and testis cryosection preparations 
were captured using a Zeiss CellObserver Z1 microscope linked to an ORCA-Flash 4.0 
CMOS camera (Hamamatsu). Testis sections stained with hematoxylin and eosin or 
Periodic Acid and Schiff staining were captured using a Zeiss AxioImager A2 
microscope linked to an AxioCam ERc5s camera. Images were analyzed with Zeiss ZEN 
2012 blue edition image software including foci and length measurement capabilities. 
Photoshop (Adobe) was used to prepare figure images. 
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Supplemental Table 4.1. Primary antibodies used in this study 
Primary Antibodies 
Antibodies  Host Source Cat. Number 
IHC 
Dilution WB Dilution 
ATR Goat Santa Cruz sc-18887 1:50 
 CREST (CEN) Human Antibodies Incorporated 15-235 1:50 
 Histone H3 tri-
methyl K9 
(H3K9trime) Mouse Abcam ab6001 1:100 
 HORMAD1 Rabbit Abcam ab155176 1:100 
 Lectin PNA-
AF488 conjugate NA Molecular Probes L21409 1:700 
 LIN28 Rabbit Abcam ab46020 1:5000 
 MLH1 Mouse Thermo-Fisher MA51531 1:100 
 NSE1 Rabbit Abcam ab66956 1:100 
 NSE1 Mouse Abcam ab168578 1:50 1:1000 
NSE2 Mouse Novus Biologicals H00286053-B01 
 
1:500 
NSE2 Rabbit Protein Tech 13627-1-AP 1:50 
 NSE4a Rabbit Abcam ab178898 1:100 
 NSE4a Rabbit NeoBiolab AP6962A 1:10 
 NSE4a Rabbit Sigma HPA037459 
 
1:100 
RAD51 Rabbit Thermo PA527195 1:100 
 RNA Polymerase 
II (RNA POLII) Mouse Millipore  05-623 1:400 
 SMC5 Rabbit GeneTex GTX115669 1:50 
 SMC5 Rabbit Novus Biologicals NB100-469 1:100 1:400 
SMC5 Rabbit Abcam ab18038 1:50 
 SMC5 Rabbit Santa Cruz sc-134544 1:50 
 SMC5 Rat Neobiolab AP6962B 1:10 
 SMC6 Rabbit Abcam ab18039 1:200 
 SMC6 Rabbit Abcam ab155495 1:100 1:500 
SMC6 Guinea pig Geert Hamer GH 1:100 
 SMC6 Rabbit Alan R. Lehmann  ARL 1:100 
 SUMO1 Mouse Michael Matunis 21C7 1:200 
 SYCP3 Mouse Santa Cruz sc-74569 1:50 
 SYCP3 Goat Santa Cruz sc-20845 1:50 
 SYCP3 Goat Novus Biologicals af3750 1:100 
 TOPBP1 Rabbit Abcam ab2402 1:100 
 Topoisomerase II 
α (TOP2A) Rabbit Abcam ab109524 1:100 
 α tubulin (αTUB) Mouse Sigma T9026 1:1000 1:10000 
γH2AX Mouse Thermo MA1-2022 1:500 
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 The platinum core of cisplatin binds primarily to purine residues and adducts on 
adjacent bases can form intrastrand crosslinks, which block DNA replication and 
transcription (Cheung-Ong et al., 2013, Tanida et al., 2012). Irradiation and etoposide 
treatment caused an increase in enlarged spermatids, which commonly harbored two 
acrosomes and displayed evidence of supernumerary chromosome content. However, 
spermatogenesis defects observed following cisplatin treatment were not discernable 
between Smc5 CKO and control mice (Figure S4.8). From our observations, we propose 
higher levels of the SMC5/6 complex are required when meiotic DNA processing events 
are perturbed by exogenous sources of DSBs, but not intrastrand links. 
 
Induction of DNA damage via etoposide and cisplatin 
 For cisplatin assessments, adult mice were injected intraperitoneally with a single 
dose of cisplatin (3 mg/ kg body weight, Sigma) (Bhattacharyya et al., 2000, Sawhney et 
al., 2005). After injection, the mice were monitored daily before their euthanasia at taken 





DISCUSSION AND FUTURE DIRECTIONS 
 
SMC complexes are essential for regulating chromosome organization and 
dynamics across organisms and biological processes. As majority of studies on SMC 
complexes have been focused on cohesin and condensin, the SMC5/6 complex is the least 
understood of the SMC complexes, especially in the context of mammals. The focus of 
this thesis is to shed light on the functional roles of the SMC5/6 complex in both female 
and male mammalian processes, specifically in meiosis. Does SMC5/6 have diverse roles 
in maintaining genome maintenance in mammalian germ cells? At the onset of this 
project, it was known that SMC5/6 localizes to the pericentromeric heterochromatin 
regions in rodent spermatocytes (Gomez et al., 2013, Verver et al., 2013b) and SC of 
synapsed homologous chromosomes in human spermatocytes (Verver et al., 2014c), 
suggesting that SMC5/6 plays a critical role in spermatogenesis (Chapter I). There were 
no studies on the localization of SMC5/6 during oogenesis, and the complete molecular 
and functional understanding of SMC5/6 was still lacking. Using conditional Smc5 
mutant mice, this thesis work has substantially contributed to this subject and became the 
first study to see functional differences for SMC5/6 complex between sexes. I show that 
while in females, SMC5/6 is required for fertility and for accurate and efficient germ cell 
chromosome segregation (Chapter III), the complex is only required for maintaining 
genome integrity in the event of exogenous DNA damage in male germ cells (Chapter 
IV). Thus, this work represents a major step in understanding the functional capabilities 
and the sexual dimorphic nature of the SMC5/6 complex.  
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In this final chapter, I extend the discussion in previous chapters on potential 
future directions as well as public health relevance of this work.  
 
SMC5/6 and interacting partners 
The interacting partners of SMC5/6 are still largely unknown. Recently, it has 
been found that TOP2A physically interacts with SMC5/6 (Verver et al., 2016b), and 
NSE2 has been shown to SUMOlayte telomere associated proteins, TRF1 and TRF2 
(Potts and Yu, 2007b).  Dr. Andras Horvath in our lab has determined that that 
NSMCE4A, a subunit of SMC5/6, interacts with CNS1 (also known as GPS1) via yeast 
two-hybrid (Y2H) and Co-immunoprecipitation (Co-IP).  CSN1 is part of the COP9 
signalosome—which is a protein complex involved in protein degradation—specifically 
denneddlyation. In previous studies, it has been shown that the recruitment of cullin 4A, a 
subunit of the COP9 signalosome, to sites of laser-induced DNA damage is CSN- and 
neddylation-dependent (Meir et al., 2015, Fuzesi-Levi et al., 2014). SMC5/6 has also 
been shown to localize to double-strand breaks induced by laser as well (Wu et al., 2012).  
Dr. Andras Horvath and our collaborator Dr. Gergely Rona at NYU are looking to further 
to further assess this DNA repair response interaction in detail. The COP9 signalosome 
has also been shown to be involved meiotic processes such as synaptonemal complex 
assembly and regulating degradation of Cyclin B1 and Securin via APC/C (Kim et al., 
2011). This can be assessed in more detail, specifically in relation to SMC5/6 roles in 
meiosis. 
 In order to discover other SMC5/6 interaction partners, proteins can also be 
extracted specifically from purified germ cells from testis. Synchronized cultured cells 
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and cells treated with DNA damaging agents can also be used. Following protein 
extraction, interactions between SMC5/6 complex components and other proteins will be 
determined using Co-IP and subsequent mass spectrometry analysis and Y2H. It is clear 




 In Chapter III, I demonstrate that SMC5/6 may be contributing to infertility 
correlated with the increase in maternal age. The results show that as maternal age 
increases protein expression levels of SMC5/6 components in mouse oocytes decrease, 
leading to chromosome missegregation during meiosis and failure in embryogenesis. 
Future studies should determine if this phenotype can be rescued in aging oocytes and 
Smc5 cKO oocytes by microinjection of Smc5 RNA. Because SMC5/6 is not the only 
factor that is contributing to the age-related aneuploidy, I hypothesize that the 
microinjection of Smc5 transcript will not rescue the phenotype completely in aging 
oocytes. For example, it is known that the decrease of cohesin protein expression levels, 
thus sister chromatid cohesion with maternal age, leads to precocious chromosome 
segregation as well in mice and humans (Lister et al., Tachibana-Konwalski et al., 2010a, 
Tsutsumi et al., 2014). In addition to decrease in cohesin levels, there are other factors 
correlated to aging such as increased oxidative stress which leads to dysfunctional 
mitochondria, and improper epigenetic changes in oocytes due to internal or external 
elements (Ge et al., 2015, Igarashi et al., 2015). Thus, as even the control adult mice have 
fewer mature oocytes and increased incidences of chromosome segregation errors 
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compared to juvenile mice, I predict that only microinjection of Smc5 will not rescue age-
related infertility. It is clear that aging affects many processes involved in fertility.  
 
 While it is clear that the depletion of SMC5/6 does not affect fertility in male 
mice, the complex is essential to maintain germ cell genome integrity after exposure to 
exogenous DNA damaging agents such as irradiation and etoposide (Chapter IV). 
Irradiation and etoposide, are common cancer therapy agents, and it has been shown that 
both can cause temporary or permanent infertility, especially combined with other 
treatments (Howell and Shalet, 2005, Ahmad and Agarwal, 2017). Human testis has also 
been shown to be more sensitive to irradiation and recovery in spermatogenesis is more 
delayed than in rodents (Meistrich and Samuels, 1985). Mutations in SMC5/6 have also 
been linked to cancer (as discussed in the following section). Therefore, especially with 
prolonged exposure to these agents, Smc5/6 may be a contributing factor in the 
mechanism in which these agents affect fertility in humans. Expression levels of SMC5/6 
may be a predicative factor for patients whose fertility that will be affected by 
chemotherapy agents or irradiation. Additionally, our studies suggest that expression 
levels of SMC5/6 may be a predictive factor for infertility in general for men and 
especially for women. 
 
Cancer and developmental diseases 
 The SMC5/6 complex and its subunits has been linked to cancer and several other 
diseases. For example, NSE2 has been implicated in the SUMOlaytion of proteins 
involved in the alternative lengthening of telomeres (ALT) pathway in human cells (Potts 
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and Yu, 2007b). The depletion of NSE2 by RNAi inhibits telomere homologous 
recombination, resulting telomere shortening and senescence in ALT cells (Potts and Yu, 
2007b). One of the hallmarks of cancer is the activation of telomere maintenance for 
replicative continuity, and ~5-15% of cancers use the ALT pathway, which usually 
results in poor prognosis (Dilley and Greenberg, 2015). However, these studies still need 
to be verified as off target effects were confirmed using NSE2 (Wu et al., 2012). Yet 
recently, it has been shown that shortened telomere length, TP53 mutations, and 
chromothripsis, is correlated with the loss of Smc5 in high risk chronic lymphocytic 
leukeumia (Steinbrecher et al., 2017).  Future studies should be completed aiming to 
understanding the molecular mechanism in which SMC5/6 could be regulating telomere 
length. Furthermore, different cancers and even subsets of specific cancers have vast 
variances in expression profiles, leading to different prognosis. According to the Human 
Protein Atlas, colorectal cancer patients with high RNA expression levels of Smc5 have a 
higher 5-year survival rate than those with low RNA expression level; while the opposite 
is the case for prostate cancer. Therefore, simply linking the depletion of SMC5/6 
expression levels to cancer development and prognosis is an overgeneralization. It is 
apparent that roles of SMC5/6 plays in cancer development and etiology should be 
delineated in a mechanistic manner to explain the trends seen. 
 The deletion of Nse2 causes premature aging in mice, and NSE2 was shown to be 
a tumor suppressor independently of SUMO by limiting recombination and facilitating 
chromosome segregation in B lymphocytes (Jacome et al., 2015b). In addition, human 
patients with reduced levels of NSE2 have been discovered and presented dwarfism, 
gonadal failure, altered pigmentation, and increased micronuclei (Payne et al., 2014b). 
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The patients had compound heterozygous frameshift mutations, hypomorphic mutations, 
in NSE2, which resulted in reduced levels of SMC5 and SMC6 (Payne et al., 2014b). 
Recently, it was found that children with severe lung disease to have biallelic missense 
mutations in NSE3, which destabilized the SMC5/6 complex (van der Crabben et al., 
2016). These patients also showed chromosome rearrangements, micronuclei, inaccurate 
HR in addition to sensitivity to replication stress and DNA damage in T and B cells (van 
der Crabben et al., 2016). Taken together with this thesis work and previous studies 
(Chapter I), a consistent role of SMC5/6 across different cell types is that it facilitates 
chromosome segregation and suppresses gross rearrangements, preventing catastrophe 
and disease development.  
 
Hepatitis B 
 There have been several recent studies on SMC5/6 and its role in inhibiting the 
production of hepatitis B virus gene expression. Hbx protein promotes the transcription 
of the viral genome, which exists as an extrachromosomal DNA circle in infected human 
cells, by regulating E3 ubiquitin ligase DDB1-CUL4-ROC1 to target SMC5/6 for 
degradation (Decorsière et al., 2016, Murphy et al., 2016). Cohesin and condensin are not 
targeted by HBx (Murphy et al., 2016). SMC5/6 has a novel role as a transcription 
restriction factor that selectively blocks extrachromosomal DNA replication, limiting 
viral infection. Chronic hepatitis B virus infection can cause cirrhosis and liver cancer 
(Seeger and Mason, 2000, Ganem and Prince, 2004). Also, the fact that SMC5/6 
influences transcription in this context could mean that it also regulates transcription for 
the cell in general. Cohesin (Borrie et al., 2017, Busslinger et al., 2017) and condensin  
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(Sutani et al., 2015) both influence gene transcription—why not SMC5/6? Future 
assessments should be completed in order to see if SMC5/6 coordinates transcription in 
other contexts—which would make the complex a novel target for therapy. 
 
Final Thoughts 
 SMC5/6 is an integral factor in genome maintenance across cell types and 
organisms. The complex has been implicated to be part of numerous DNA replicative and 
repair processes. Therefore, it is no surprise that the complex is linked to various 
diseases, aging and cancer. Continued studies focusing on the functions of SMC5/6 will 
most likely show links to additional genetic diseases. Yet, there is still a dearth of the 
biochemical, molecular, and functional understanding of SMC5/6 in mammals, especially 
in humans. Our studies show that SMC5/6 has sexual dimorphic roles in meiosis. This 
may be because meiosis is in nature sexually dimorphic. Could other proteins involved in 
genome maintenance also have different functions in meiosis? For example, mutations in 
Aurora C, a cell cycle kinase critical for proper chromosome segregation, causes 
infertility in men, but no effect have yet to seen in women (Dieterich et al., 2007, Ben 
Khelifa et al., 2011, 2012   Could these functional differences lead to differences in 
susceptibility and prognosis for diseases?  Studies have found sex differences in 
expression profiles and tumor etiology, as well as cancer susceptibility (Dorak and 
Karpuzoglu, 2012). This would suggest that different treatment options should be 
considered between sexes. Taken together, we hope that our work and the work of others 
on SMC5/6 will ultimately contribute in finding novel treatments for developmental and 
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